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JOURNAL OF NEUROPHYSIOLOGY 


SCOPE: The aim of the Journal of Neurophysiology is to provide a channel 
for prompt publication of original contributions on the functions of the nervous 
system, peripheral and central. Materials submitted may include any phase of 
the subject amenable to experimental analysis; papers on pure morphology or 
neuropathology are not acceptable. Clinical, psychological and zoological studies 
will be considered only if primarily experimental in character. 

MANUSCRIPTS: Manuscripts should be addressed to THE EDITORS, 
JOURNAL OF NEUROPHYSIOLOGY, 333 Cedar Street, New Haven, Con- 
necticut, U.S.A. Papers should be concise and submitted in typewritten form, 
preferabiy in triple space, with tabular matter and passages for small print in 
double space and on separate sheets. All materials should be mailed flat. A brief 

should be included. 

REFERENCES: Citations to literature should be arranged in alphabetical 
order, typed single space on a separate sheet. Names and initials of the authors 
with full title and full pagination of the paper or book must be given in each 
case. Names of journals should be abbreviated in accordance with the system 
used in A world list of scientific periodicals published in the years 1900-33 (Ox- 
ford University Press, 1934). For complete details concerning form see: A style 
book containing suggestions for the preparation of manuscripts. J. Neuro- 
physiol., 1939, 2: 89-99. Reprints of this may be obtained by contributors from 
the Editorial Office. 

COSTS CHARGEABLE TO AUTHORS—Illustrations : The allowance for 
free illustrations varies with the length of the paper and the character of the 
illustrative matter, but not more than four 3 <3.5 inch half-tones (or their 
equivalent in area) will be allowed free to any contributor. When a paper has 
been accepted for publication, authors will be notified promptly of any charges 
for illustrations in excess of the free allowance. These will be charged to the 
author at a rate of approximately $5.00 for a 3 <3.5 inch (7.6 <8.9 cm.) half- 
tone and at a somewhat lower rate for zinc cuts. All illustrations, especially 
photographs, should be sharp and clear and submitted ready for reproduction, 
i.e., with lettering, mounting and arrangements of figures completed. 

Special typography. Tables, mathematical and chemical formulae and 
also text set up in small print (8 point) in excess of 10 per cent of composition 
costs are chargeable to the author. 

Proof corrections. Corrections in galley proof will be allowed without 
charge up to 5 per cent of the original cost of composition of 10 point type. The 
cost of changes in page proof, if made by the author, will be borne by him. Page 
proof will be submitted to authors only when special questions arise. Manu- 
scripts and figures will be returned on request after the editorial office has cor- 
rected page proof. 

Reprints. Twenty-five reprints of each paper will be supplied without 

; larger numbers can be purchased at cost; delivery will be prompt. Re- 
prints should be ordered on forms accompanying the galley proof and returned 
with it to the Editorial Office. 

SUBSCRIPTIONS: The subscription rate for the volume of six bi-monthly 
issues is $6.00 in the United States, Canada and Latin America, and $6.50 in 
other countries. Single copies are $1.50 postpaid. You may pay in advance to 
the publisher: CHARLES C THOMAS, 220 East Monroe Street, Springfield, 
Illinois, U.S.A. 

Delivery to countries in war zones will be attempted but delivery is not guaranteed, nor 


guaranteed, unless request is recei following a period of sixty days after the 
tion of any issue. 
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OTFRID FOERSTER 1873-1941 
AN APPRECIATION 


On AucGust 11th, 1941, word reached the United States via Switzerland 
that Professor Otfrid Foerster had died in Breslau, Germany, on June 15th. 
Dr. Foerster had written to us during the preceding winter from a sana- 
torium in Switzerland, where he and his wife were both ill with tuberculosis. 
Frau Foerster survived her husband for only one day. A letter from his 
sister says: ‘So, they have both been buried together. All Breslau took part 
in the burial. There was a speech of the Protestant clergyman first, then: 
the Rector of the University, a representative of the town council, his suc- 
cessor Professor von Weizsacker, who had come from Heidelberg at Easter 
(Internist); then two doctors from Hamburg and Frankfurt, finally the 
Oberarzt Dr. Stender. They all praised Otfrid’s value to the utmost and the 
appreciation of him was really marvelous. At the last came the Roman 
Catholic priest for Marthe.” 

To the many neurologists, neurosurgeons, physiologists and anatomists 
of the English-speaking countries, who have been to Breslau in the past 
twenty years, this description will recall much of the city, the hospital! and 
the associates which form the background of a man who had become the 
foremost teacher and most learned authority in the field of the neurological 
sciences and one of the strongest personalities of his time in medicine. 

Otfrid Foerster* was born at Breslau, November 9th, 1873. His early 
years were spent at Kiel where his father held the chair of Philology, but he 
later had schooling at the gymnasium at Rostok and at the Maria Magdalene 
Gymnasium in Breslau receiving his diploma in 1892. Between 1892 and 
1896 he studied medicine at the Universities of Freiburg, Kiel and Breslau, 
taking his state medical qualifications at Breslau during the winter semester 
of 1896-97. His inaugural dissertation entitled Quantitative Untersuchungen 
ueber die agglutinirende und baktericide Wirkung des Blutserums von Typhus- 
kranken und-Reconvalescenten written at Breslau, was defended on May 20th, 
1897. 

This dissertation is the only paper published by Foerster} which was not 
directly connected with matters of the nervous system. During his student 
years he had spent some months in the Psychiatric Hospital at Liiben where 
Kraepelin had first worked and he had come under the influence of Wernicke 
in the Medical School at Breslau. At the suggestion of the latter, he went in 
1897 to Paris and remained there for two years as a pupil of Déjérine, at- 
tending at the same time the clinics of Pierre Marie, and of Babinski. The 
summers of these years were spent at the clinic of Professor Frenkel in 
Switzerland, and in 1899 he was sent to the United States to demonstrate 


* In his early life Dr. Foerster spelt his given name “OTFRIED.” In 1903 he dropped 
the ‘e’ and adopted the spelling of OTFRID. 


t A complete list of Dr. Foerster’s writings follows this appreciation. 
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Frenkel’s new ‘‘Uebungstherapie”’ for tabes. His memories of this early trip 
were always vivid; he stayed in Tarrytown with an American gentleman 
who was representative for a firm buying French and German wines, and it 
was here, he recalled, rather than in Germany that he learned about the 
Rhenish wines; here also he met John D. Rockefeller, senior, who, Foerster 
related, spoke excellent German. Just before his return to Paris he visited 
Washington and, because funds by then were low ‘‘and because I liked 
them,”’ he lived for some days on bananas! In 1899 he returned to Breslau 
and entered the Clinic of Wernicke where he collaborated with him in his 
published Atlas of brain sections issued in 1903. 

His extraordinary memory and ability to apply and order his knowledge 
were early recognized; it was said that as a boy and young man his knowl- 
edge of botany, geology and other natural sciences was remarkable. An ac- 
complished linguist, schooled by his father in the use of words, he had 
learned to read, speak and write faultless English as well as French and 
Italian and he had a fair grasp of Polish, Russian and the Scandinavian 
languages. 

About 1905 he began to study the English neurophysiological literature, 
beginning with David Ferrier and following through Beevor, Horsley, 
Schafer and, finally, Sherrington who, as he often said, influenced his think- 
ing more than any other writer. Students who went to Breslau often saw a 
well-worn copy of The integrative action of the nervous system, and he had 
read and closely analyzed all of Sherrington’s later papers. When Prof. 
E. G. T. Liddell, who with Sherrington had first described stretch reflexes, 
met Foerster in 1930, Foerster remarked that their papers on the myotatic 
reflex had clarified for him one of the principal problems of neurology. 

His study at home where all his writing was done (before 11 A.M., when 
he went to the hospital, or late at night), contained the books for which he 
cared most. They were notably few: the complete works of Helmholtz, 
Goethe and Schiller, the collected works of Hughlings Jackson, Sherrington, 
and Harvey Cushing. But his reprints were beyond counting. They lay in 
large and apparently chaotic piles on tables, shelves and on the floor. But 
it only took him an instant to find among them the particular reference 
which he might need to illustrate a point. 

The chronological sequence of his three hundred published works, given 
in the bibliographical list which follows, will indicate the progression and 
order of his work, the breadth of his knowledge and the tremendous industry 
which enabled him, an active clinician and a surgeon with a private practice, 
to pursue investigations and to write (always in his own hand), such com- 
pendia as are represented by his articles in the Handbuch der Neurologie. 

y@1 Throughout the forty years of his active professional life one perceives 
two dominating characteristics: his power of observation and analysis, and 
his capacity to apply fundamental knowledge toward the relief of symptoms 
—this at a time when clinical neurology was still under the influence of the 
purely diagnostic schools of Paris and of Queen Square, and before the era 
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of neurosurgery. In this field of neurology where therapy had been often 
unconsidered, Foerster’s physiological insight led directly to the use of 
surgery, in the relief of intractable pain through chordotomy, and of spastic- 
ity through dorsal root section. His analysis of the distribution of the sensory 
dermatomes arose from his use of the latter procedure. Diagnosis of cortical 
tumors and of focal scars in epileptics by stimulation and subsequent abla- 
tion, under local anesthesia, led to his equally fastidious analysis of func- 
tional localization in the cerebral cortex. These and his clinical studies on 
basal gangliar disease all bear the mark of an originality and courage almost 
without parallel in clinical medicine. 

Before the onset of the first world war he had as neurologist directed 
the surgeons, Tietze and Kiittner, in the execution of surgical procedures. 
In 1914 when general surgeons had become scarce, he began, although more 
than forty years of age, to do his own neurosurgery. Self-made as a surgeon 
he always lacked refinement of technique, but his results were surprisingly 
good because of his remarkable speed and manual dexterity. Although he- 
mostasis and even asepsis were often crude, the operations for nerve sutures 
and cord sections were carried out as perfect anatomical dissections. 

After the last war Foerster published many papers on war injuries, and 
then by logical progression, and through fortunate association with Gagel 
as neuropathologist and Altenburger as neurophysiologist, the bulk of his 
work was diverted into diagnosis of cerebral tumors and to electrophysio- 
logical analysis. The neurosurgical operations in his hospital were done by 
Dr. Stender during the last few years, although Professor Foerster remained 
Director of the Neurologisches Forschungsinstitut until 1941. 

He was as remarkable a teacher and leader as he was physician. For many 
years as President of the Gesellschaft deutscher Nervenarzte, his opening ad- 
dresses were masterpieces of descriptive history of the development of Ger- 
man medicine. His lectures, into which he put much time and great effort, 
were models of clarity and precision in whatever language he happened 
to be speaking. His presentations were always highly illustrated as were 
his published works. We have known him to show as many as 160 lantern 
slides during a single lecture, their sequence being unfailingly memorized 
and the order of his thought undisturbed by their presentation. 

His contacts with other countries were extensive. He visited the United 
States four times: first in 1899, as above mentioned, and then in 1912 when 
he addressed the American Association of Physicians and Surgeons at the 
instigation of Franklin Martin. In 1914 he came again and spoke before the 
American Medical Association at Atlantic City. His fourth visit was in 
1930. From a distance he had long admired the work of Harvey Cushing, 
and when asked by Dr. Cushing to act as Surgeon-in-Chief pro tem at the 
Peter Bent Brigham Hospital in Boston, he immediately accepted. The 
result of this exchange was far-reaching and both Cushing and Foerster 
referred to it in later years with particular satisfaction. Foerster went fre- 
quently to England, and in 1937 the Society of British Neurological Sur- 
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geons, which includes in its membership many neurosurgeons of continental 
Europe, held its annual meeting in his Neurological Institute (now renamed 
‘Otfrid Foerster Institut’) at the Wenzel Hanke Krankenhaus in Breslau. 

During Professor Foerster’s last years his work was restricted to some 
degree by increasing tension within his country. He was under surveillance 
both because he had for a time been physician to Lenin in Moscow, and be- 
cause his wife was partly Jewish. By 1936 he, with many others, ceased sub- 
scribing to all journals outside Germany, and in 1938, when he was asked to 
represent German clinical neurology and neurophysiology on the Advisory 
Board of this Journal, he felt unable to accept the appointment. 

Yet for the fifteen years preceding 1939 students from the United States, 
Great Britain, Canada, Australia, South America, China and Japan; from 
Scandinavia, Rumania, Holland, France and Italy had found in remote 
Breslau a man already cognizant of all that was significant in neurology in 
each of their countries, and one who was usually personally acquainted with 
their leaders. From him they gained much factual knowledge and much of 
the history and development of their science. They saw a neurosurgeon self- 
trained in surgery; a neurologist with few equals in his knowledge of anatomy 
and physiology; a gifted teacher, master of many languages,—and artist in 
the use of his own, and a physician who inspired a deep sense of personal 
devotion in his patients and students. They returned to their homes, deeply 
influenced by contact with this man whose life had been inflexibly shaped 
and disciplined to follow one ideal and who, through incessant effort and 
through rigid economy of time, and even of friends, has left an indelible 
impression on the clinical neurology of this generation. 

M. A. K. 
J. F. F. 
Cc. G. de G-M. 


BIBLIOGRAPHY 
1897 


Quantitative Untersuchungen ueber die agglutinirende und baktericide Wirkung des Blut- 
serums von Typhus-Kranken und -Reconvalescenten. /naugural-Dissertation, Med. 
Facultat, Universitat Breslau, 20. Mai, 1897. 

Quantitative Untersuchungen iiber die agglutinirende und baktericide Wirkung des Blut- 
serums von T'yphuskranken und -Reconvalescenten. Z. Hyg. InfektKr., 1897, 24: 500 
529. 

Die Serodiagnostik des Abdominaltyphus. Fortschr. Med., 1897, 15: 401-409. 


1899 


Les troubles de la sensibilité dans le tabes. Rev. neurol., 1899, 7: 822-826 (with H.S. Frenkel 
{1}). 


1900 


Untersuchungen tiber die Stérungen der Sensibilitat bei der Tabes dorsalis. Arch. Psychiat. 
Nervenkr., 1900, 33: 108-158; 450-520 (with H. S. Frenkel [1)). 

Zur Symptomatologie der Tabes dorsalis im praeataktischen Stadium und iiber den Einfluss 
der Opticusatrophie auf den Gang der Krankheit. Mschr. Psychiat. Neurol., 1900, 8: 
1—14; 133-150. 
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Demonstration: Fall von einem eigenthiimlichen psychischen Zwangsphianomen, etc. (78. 
Sitz. Ver. ostdtsch. Irrenarz. Breslau. 24. Feb. 1900) Allg. Z. Psychiat., 1900, 57: 411 
414; 415. Rev. Rev. neurol., 1901, 9: 258. 


1901 


Uebungstherapie bei Tabes dorsalis. Dtsch. Arzteztg., 1901, 100-104; 128-131. 

Untersuchungen iiber das Localisationsvermégen bei Sensibilitatsstérungen. Ein Beitrag 
zur Psychophysiologie der Raumvorstellung. Mschr. Psychiat. Neurol., 1901, 9: 31-42; 
131-144. 

Beitrage zur Physiologie und Pathologie der Coordination. Die Synergie der Agonisten. 
Mschr. Psychiat. Neurol., 1901, 10: 334-347. 


1902 


Die Physiologie und Pathologie der Coordination ; eine Analyse der Bewegungsstorungen bei 
den Erkrankungen des Centralnervensystems und ihre rationelle Therapie. Jena, 
G. Fischer, 1902. xiv, 316 pp. 8°. 

Ein Fall von Poliomyelitis im obersten Halsmark. (Med. Sekt. schles. Ges. vaterl. Kult. 
Breslau. 6. Dez. 1901) Allg. med. ZentZtg., 1902, 71: 13-14. 

Discussion. MAMS: Ueber die Friihdiagnose der Tabes mit besonderer Beriicksichtigung 
der Augensymptome. (Med. Sect. schles. Ges. vaterl. Kult. Breslau. 4. Juli 1902) 
Allg. med. ZentZtg., 1902, 71: 714. 

Ueber einige seltnere Formen von Krisen bei der Tabes dorsalis sowie iiber die tabischen 
Krisen im Allgemeinen. Mschr. Psychiat. Neurol., 1902, 11: 259-283. 


1903 


Atlas des Gehirns. Schnitte durch das menschliche Gehirn in photographischen Originalen. 
Abt. 3. 21 Sagittalschnitte durch eine Grosshirnhemisphare. Herausgegeben von Carl 
Wernicke. Breslau, Verlag der psychiatrischen Klinik, 1903. 

Die Mitbewegungen bei Gesunden, Nerven- und Geisteskranken. Jena, G. Fischer, 1903. 
53 pp. 8° Rev. Rev. neurol., 1904, 12: 555. 

Beitrage zur Kenntnis der Mitbewegungen. Jena, G. Fischer, 1903. 32 pp. 

Ein Fall von elementarer allgemeiner Somatopsychose (Afunktion der Somatopsyche). 
Ein Beitrag zur Frage der Bedeutung der Somatopsyche fiir das Wahrnehmungs- 
vermoégen. Mschr. Psychiat. Neurol., 1903, 14: 189-205. 

Ueber Uebungstherapie. (Med. Sect. schles. Ges. vaterl. Kult. Breslau. 5. Dec. 1902) 
Allg. med. Zent ztg., 1903, 72: 15. 

Vergleichende Betrachtungen iiber Motilitatspsychosen und iiber Erkrankungen des Pro- 
Jektionssystems. Antrittsvorlesung. Habilitation als Privatdozent f. Nervenheilkunde 
und Psychiatrie, 10. Aug. 1903.* 


1904 


Die Fasersysteme des Grosshirns des Menschen. Arch. Psychiat. Nervenkr., 1904, 39: 
924-928. 

Ein Fall von Dementia paralytica nach Typhus abdominalis mit Ausgang in vollkommene 
Heilung. Mschr. Psychiat. Neurol., 1904, 16: 583-589. Rev. Neurol. Zbl., 1905, 24: 
81. 

Grundlagen der Ubungsbehandlung bei der Hemiplegie. (76. Versamml. Ges. dtsch. 
Naturforsch. Arz. 1904) Verh. Ges. dtsch. Naturf. Arz., 1904, 308-310. i 

Hirnverinderungen bei Erschiitterung. (76. Versamml. Ges. Naturforsch. Arz. 1904) 
Verh. Ges. dtsch. Naturf. Arz., 1904, 525-528. 

Das Wesen der choreatischen Bewegungsstérungen. Sammi. klin. Vortr., 1904, No. 382 
(Inn. Med. No. 113) 259-294. Rev. Neurol. Zdl., 1905, 24: 912. 

Compensatorische Ubungstherapie bei der Tabes dorsalis. Lehrbuch der physikalischen 
Heilmethoden. Wien, 1904. 


* This title was supplied by Professor Foerster for a bibliography of the members of 
the Harvey Cushing Society (1938). The original article was apparently not published 
formally. F 
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1905 
Zwei Falle von Friedreich’scher Krankheit. (Med. Sect. schles. Ges. vaterl. Cult. Breslau. 
3. Marz 1905) Allg. med. ZentZtg., 1905, 74: 232. 


1906 


Die Kontrakturen bei den Erkrankungen der Pyramidenbahn. Berlin, S. Karger, 1906. 65 
pp. 8° Rev. Rev. Neurol., 1906, 14: 1157. 

Demonstration eines Falles von hysterischer Bewegungsstérung im Bereiche des linken 
Augenlides. Allg. Z. Psyc/iat., 1906, 63 : 339-343. 

Ein Fall von isolierter Durchtrennung der Sehne des langen Fingerstreckers. Ein Beitrag 
zur Physiologie der Fingerbewegungen. Beitr. klin. Chir. 1906, 50: 676-683 


1907 


Erfahrungen iiber die Behandlung von Stérungen des Nervensystems auf syphilitischer 
Grundlage. Neisser Festschrift. Arch. Derm. Syph., Wien, 1907, 86: 3-44 (with Hart- 
tung [1)}). 

Ein Fall von Cysticerkus der Gehirnrinde durch Operation entfernt. (Med. Sect. schles. 
Ges. vaterl. Kult. Breslau. 15. Nov. 1907) Allg. med. ZentZtg., 1907, 76: 782-783. 
Fall von Commotio und Contusio cerebri- Aphasie, Rindenepilepsie, Trepanation, Heilung. 
(Med. Sect. schles. Ges. vaterl. Cult. Breslau. 15. Nov. 1907) Allg. med. ZentZtg., 

1907, 76: 790. 

Demonstration: a. Cystercercus im Gehirn. b. Epilepsie nach Trauma. (Med. Sekt. schles. 
Ges. vaterl. Kult. Breslau. 15. Nov. 1907) Dtsch. med. Wschr., 1907, 33: 2199. 
Diskussion, ANscHi'Tz: Beitrag zur Chirurgie des Kleinhirntumors. (Med. Sekt. schles. 
Ges. vaterl. Kult. Breslau. 23. Nov. 1906) Allg. med. ZentZtg., 1907, 76: 10-12. 


1908 

Drei Falle von isolierten Sehnenverletzungen. Ein weiterer Beitrag zur physiologie und 
Pathologie der Fingerbewegungen. Beitr. klin. Chir., 1908, 57: 720-733. 

Ueber eine neue operative Methode der Behandlung spatischer Lahmungen mittels Resek- 
tion hinterer Riickenmarkswurzeln. Z. orthop. Chir., 1908, 22: 203-223. 

Demonstration: Ein Fall von linksseitiger Kleinhirncyste. Operativ entfernt. Heilung. 
(Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 31. Jan. 1908) Allg. med. ZentZtg., 
1908, 77: 130. 

1909 

Beitrage zur Hirnchirurgie. Berl. klin. Wschr., 1909, 46: 431—436. 

Zur Symptomatologie der Poliomyelitis anterior acuta. Beobachtung wahrend der dies- 
jahrigen Epidemie in Breslau. Berl. klin. Wschr., 1909, 46: 2180-2184. 

Uber den Lahmungstypus bei cortikalen Hirnherden. Dtsch. Z. Nervenheilk., 1909, 37: 
349-414. 

Ueber operative Behandlung gastrischer Krisen durch Resektion der 7.-10. hinteren 
Dorsalwurzeln. Beitr. klin. Chir., 1909, 63: 245-256 (with H. Kiittner). Rev. Berl. 
klin. Wschr., 1909, 46: 2031. 

Die arteriosklerotische Muskelstarre. Alig. Z. Psychiat., 1909, 66: 902-914. 

Ueber die Behandlung spatischer Lahmungen mittels Resektion hinterer Riickenmarks- 
wurzeln. Mitt. Grenzgeb. Med. Chir., 1909, 20: 493-558. 

Der atonisch-astatische Typus der infantilen Cerebrallahmung. Dtsch. Arch. klin. Med., 
1909, 98: 216-244. 

Operative Behandlung gastrischer Krisen. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 
5. Marz 1909) Allg. med. ZentZtg., 1909, 78: 189-190. 


1910 

Uber die operative Behandlung spatischer Lahmungen mittels Resektion der hinteren 
Riickenmarkswurzeln. Berl. klin. Wschr., 1910, 47: 1441-1444. Rev. Zbl. Neurol. 
Psychiat., 1910, 2: 187-188. 

Demonstration: Zwei Fille von traumatischer Aphasie. (Bresl. chir. Ges. 10. Jan. 1910) 
Berl. klin. Wschr., 1910, 47: 313. 

Ueber die Stérungen in der Fixation des Beckens und Knies bei Nervenkrankheiten. (9. 
Kongr. dtsch. Ges. orthop. Chir. Berlin. 1910) Berl. klin. Wschr., 1910, 47: 807. 
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Discussion, ECKERT: Fall von Tabes mit hinterer Wurzeldurchschneidung. (Ges. Charité 
Aerz. 3. Marz 1910) Berl. klin. Wschr., 1910, 47: 1079—1080. 

Die Stérungen in der Fixation des Knies und Beckens bei Nervenkrankheiten. Ein Beitrag 
zur analytischen Uebungsbehandlung und zur orthopidischen Behandlung der 
Gehstorung bei Nervenkrankheiten. Z. orthop. Chir., 1910, 27: 221-251. 


1911 


Diskussion, KRAMER: Zur Differentialdiagnose der Tabes dorsalis und Lues spinalis. 
(Bresl. psychiat.-neurol. Verein. 28. Nov. 1910) Berl. klin. Wschr., 1911, 48: 43. 
Diskussion, FREUND, C.'S.: Hysterischer Blepharospasmus. (Bresl. psychiat.-neurol 

verein. 28. Nov. 1910) Berl. klin. Wschr., 1911, 48: 44. 

Traumatische Riickenmarksaffektionen. (Bresl. psychiat.-neurol. Verein. 28. Nov. 1910) 
Berl. klin. Wschr., 1911, 48: 45. 

Behandlung progressiver Paralyse. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 9. Dez. 
1910) Berl. klin. Wschr., 1911, 48: 144-145. 

Demonstration: Traumatische Riickenmarksaffektionen etc. (Bresl. chir. Ges. 9. Jan. 
1911) Berl. klin. Wschr., 1911, 48: 404. 

Fall von gastrischer Krisen mit hinterer Wurzeln Resektion. (Bresl. chir. Ges. Mai 1911) 
Berl. klin. Wschr., 1911, 48: 1156. 

Diskussion, Ki'TTNER: Kompression des Atmungscentrums. Trepanation. Heilung. (Bresl. 
chir. Ges. 10. Juli 1911) Berl. klin. Wschr., 1911, 48: 1665. 

Hamatomyelien. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 20. Okt. 1911) Berl. klin. 
Wschr., 1911, 48: 2182. 

Diskussion, HorsLey, V.: Operative versus expectant treatment in diseases of the ner- 
vous system. (4. Jahresversamml. Ges. dtsch. Nervenarz. Berlin. 6.—8. Oct. 1910) 
Dtsch. Z. Nervenheilk., 1911, 41: 97. 

Uber die Beeinflussung spastischer Lahmungen durch die Resektion hinterer Riicken- 
markswurzeln. (4. Jahresversamml. Ges. dtsch. Nervenarz. Berlin. 1910) Dtsch. Z. 
Nervenheilk., 1911, 41: 146-169; 229-231. Rev. Zbl. ges. Neurol. Psychiat., 1910, 2: 
554-556. 

Die operative Behandlung gastrischer Krisen durch Resektion hinterer Dorsalwurzeln. 
Ther. d. Gegenw., 1911, 52: 337-347. Rev. Zbl. ges. Neurol. Psychiat., 1912, 5: 83. 
Ueber die operative Behandlung spastischer Lahmungen mittels Resektion hinterer Riick- 
enmarkswurzeln. Ther. d. Gegenw., 1911, 52: 13-18. Rev. Berl. klin. Wschr., 1911, 

48: 395. 

Die Behandlung spatischer Lahmungen durch Resektion hinterer Rickenmarkswurzeln. 
Ergebn. Chir. Orthop., 1911, 2: 174-209. 

Diskussion, GULECKE, GiimMBEL: Erfahrungen mit der Forster’schen Operation. Verh. 
dtsch. Ges. Chir., 1911, 40: 333-334. 

Berichtung iiber luetischen Affectionen des Zentralnervensystems. (5. Jahresversamml. 
Ges. dtsch. Nervenarz. Frankfurt-am-Main. 1911) Verh. Ges. dtsch. Nervenarz., 1911, 
161-167. 

Resection of the posterior spinal nerve-roots in the treatment of gastric crises and spastic 
paralysis. Proc. R. Soc. Med., 1910-11, 4: 226-246. 


1912 


Demonstration: Tuberkulése Affektionen des Centralnervensystems, etc. (Bresl. psychiat.- 
neurol. Verein. 4. Dez. 1911) Berl. klin. Wschr., 1912, 49: 184-187. 

Demonstration: Cysticerkenmeningitis, etc. (Bresl. chir. Ges. 11. Dez. 1911) Berl. klin. 
Wschr., 1912, 49: 279-280. 

Diskussion, KiitrNER: Doppelseitige Vagotomie wegen gastricher Krisen. (Bresl. chir. 
Ges. 22. Jan. 1912) Berl. klin. Wschr., 1912, 49: 570-571. 

Dauerresultate der operativen Behandlung der Little’schen Krankheit mittels Wurzel- 
resektion. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 23. Feb. 1912) Berl. klin. 
Wschr., 1912, 49: 764. 

Diskussion, WoLFr: Plexuslahmung bei Wirbelsiulenfraktur. (Med. Sekt. schles. Ges. 
vaterl. Kult. Bresiau. Feb. 1912) Berl. klin. Wschr., 1912, 49: 766. 

Die histologische Untersuchung der Hirnrinde intra vitam durch Hirnpuktion bei dif- 
fusen Erkrankungen des Centralnervensystems. Berl. klin. Wschr., 1912, 49: 973-977. 
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Demonstration: Hamatomyelie. Sehnenplastik, etc. (Med. Sekt. schles. Ges. vater|. Kult. 
Breslau. 17. Mai, 1912) Berl. klin. Wschr., 1912, 49: 1251-1252. 

Diskussion zu dem Referat Nonne und zu dem Vortrag Benario. Uber die sogenn. Neuro- 
rezidive, deren Atiologie, Vermiedung und therapeutische Beeinflussung. (5. Jahres- 
versamml. Ges. dtsch. Nervenarz. Frankfurt 1911) Dtsch. Z. Nervenheiik., 1912, 53: 
319-325. 

Diskussion, KRAUSE, F., and OPPENHEIM, H.: Zwei Falle von cystischer Entartung des 
Seitenventrikels mit Hemiplegie in Epilepsie. Heilung nach beider Eréffnung und 
Duraplastik. Disch. Z. Nervenheilk., 1912, 43: 345-346. 

Arteriosklerotische Neuritis und Radiculitis. (6. Jahresversamml. Ges. dtsch. Nervenarz. 
Hamburg, Sept. 1912) Verh. Ges. dtsch. Nervenarz., 1912, 134-165; Dtsch. Z. Nerven- 
heilk., 1912, 45: 374-405. Rev. Berl. klin. Wschr., 1912, 49: 2108. 

Diskussion uber Stoffelsche Operation. (11. Kongr. dtsch. Ges. orthop. Chir. Berlin. 
April, 1912) Z. orthop. Chir., 1912, 30 (Beilageheft): 38-50. 

Die Behandlung spastischer Lahmungen mittels Resektion hinterer Riickenmarkswurzeln. 
(11. Kongr. dtsch. Ges. orthop. Chir. Berlin. April, 1912) Z. orthop. Chir., 1912, 30: 
269-281. Rev. Berl. klin. Wschr., 1912, 49: 870. 

Demonstration zur Differentialdiagnose der Paralyse und Pseudoparalyse. Allg. Z. 
Psychiat., 1912, 69: 776-779. 

Die Indikationen und Erfolge der Resektion hinterer Riickenmarkswurzeln. Wien. klin. 
Wschr., 1912, 25: 950-954. Rev. Berl. klin. Wschr., 1912, 49: 1388. 

Indications and results of excision of the posterior spinal roots in man. Med. Rec., N. Y., 
1912, 82: 916-917. 


1913 


Demonstration: Fall von sogennanter Torsionsneurose, etc. (Bresl. psychiat. neurol. 
Verein. 29. Jan. 1913) Berl. klin. Wschr., 1913, 50: 515-517. 

Das phylogenetische Moment in der spastischen Lahmung. (Med. Sekt. schles. ( 
vaterl. Kult. Breslau. 24. Jan. 1913) Berl. klin. Wschr., 1913, 50: 1217-1220; 12 
1261. 

Demonstration: Morotische Apraxie, etc. Berl. klin. Wschr., 1913, 50: 1325-1328. 

Vorderseitenstrangdurchschneidung im Riickenmark zur Beseitigung von Schmerzen 
(Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 6. Juni. 1913) Berl. klin. Wschr., 1913, 
50: 1499-1500. 

Meningocerebellarer Symptomenkomplex bei fieberhaften Erkrankungen. (7. Jahresver- 
samml. Ges. dtsch. Nervenirz. Breslau. Sept. 1913) Verh. Ges. dtsch. Nervenarz., 
1913, 88-89. Dtsch. Z. Nervenheilk., 1913, 50: 88-89. Rev. Dtsch. med. Wschr., 1913, 
39: 2383. 

Zur Spondylitis traumatica. (7. Jahresversamml. Ges. dtsch. Nerveniirz. Breslau. 1913) 
Verh. Ges. dtsch. Nervendrz., 1913, 217-218. Dtsch. Z. Nervenheilk., 1913, 50: 217-218. 
(with Silverberg) 

Kinematographische Demonstration: Torsionspasmus etc. (7. Jahresversamml. Ges. dtsch. 
Nervenarz.) Dtsch. Z. Nervenheilk., 1913, 50: 292-294. 

Die analytische Methode der kompensatorischen Uebungsbehandlung bei der Tabes 
dorsalis. Dtsch. med. Wschr., 1913, 39: 1-4; 49-55; 97-101. 

Demonstration: Uber phylogenetische Gesichtspunkte bei der Erklarung der spatischen 
Lahmungen. (Bresl. med. Verein. Jan. 1913) Dtsch. med. Wschr., 1913, 39: 628. 

Zur Kenntniss der spinalen Segmentinnervation der Muskeln. Neurol. Zb/., 1913, 32: 1202 
1214. 

Der meningo-zerebellarer Symptomkomplex bei fieberhaften Erkrankungen tuberkuléser 
Individuen. Neurol. Zbi., 1913, 32: 1414-1421. Rev. Berl. klin. Wschr., 1913, 50: 
2296. 

Ubungsbehandlung bei Nervenerkrankungen mit oder ohne voraufgegangene Opera- 
tionen. Z. phys. diatet. Ther., 1913, 17: 321-333; 403-415. Rev. Berl. klin. Wschr., 
1913, 50: 1411. 

Die arteriosklerotische Neuritis. Wien. med. Wschr., 1913, 63: 313-321. Rev. Zbl. ges. 
Neurol. Psychiat., 1913, 7: 53. 

Demonstrationen zur Hirn- und Riickenmarkschirurgie. (7. Jahresversamml. Ges. dtsch. 
Nervenarz. Breslau. Sept. 1913) Verh. Ges. dtsch. Nervendrz., 1913, 292-294. 


‘ 
res. 
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Traitement opératoire des paralysies spasmodiques par la résection des racines postérieures 
de la moelle épiniére. Paris méd., 1913, 1: 24-28. 

Die physiologischen Grundlagen der verschiedenen Behandlungsmethoden der spastischen 
Lahmungen. (London. 7. Aug.) 17. Int. Congr. Med., 1913 (Sect. 7A Orthopedics), 
7-18. 

Relations between spasticity and paralysis in spastic paralysis. (London. 7. Aug.) 17. 
Int. Congr. Med., 1913 (Sect. 11 Neuropathology), 55-64. 

Les indications et les résultats de la résection des racines postérieures. 3. Clin. Congr. 
Surg. N. Amer. New York. 11-16 Nov. 1912) Lyon chir., 1913, 9: 97-109. 

On the indications and results of the excision of posterior spinal nerve roots in men. 
Surg. Gynec. Obstet., 1913, 16: 463-474. 


1914 

The borders of the areas of anesthesia, analgesia and thermoanesthesia in lesions at dif- 
ferent levels of the sensory tract. (Amer. med. Ass. Atlantic City, N. J., 24. June 
1914) Title in: J. Amer. med. Ass., 1914, 63: 124.* 

Diskussion, Srertz: Die Bedeutung der Hirnpunktion fiir die chirurgische Indikations- 
stellung. (Bresl. chir. Ges. 19. Jan. 1914) Berl. klin. Wschr., 1914, 51: 375. 

Demonstration: Zur Differentialdiagnose der progressiven Paralyse, etc. (Bresl. psychiat. 
neurol. Verein. 23. Feb. 1914) Berl. klin. Wschr., 1914, 51: 765-766. 


1915 


Demonstration: Die Schussverletzungen der peripheren Nerven und ihre Behandlungen- 
(Med. Sekt. schles. Ges. vaterl. Kult. Breslau. Mai 1915) Berl. klin. Wschr., 1915, 
52: 823-827. 
1916 


Die Schussverletzungen der peripheren Nerven und ihre Behandlung. (Tagung dtsch. 
orth. Ges. Feb. 1916) Z. orthop. Chir., 1916, 36: 310-318. Rev. Berl. klin. Wschr., 
1916, 53: 233. 

Die Topik der Sensibilitatsstérungen bei Unterbrechung der sensiblen Leitungsbahnen. 
(8. Jahresversamml. Ges. dtsch. Nervenirz. Miinchen. 1916) Neurol. Zbi., 1916, 
35 : 807-808. Rev. Berl. klin. Wschr., 1916, 53: 1230. 

Kompensatorische Ubungstherapie. Vogts Handb. Ther. Nervenkr., 1916, 1: 267-325. 

Die Therapie der Motilitatsstérungen bei den Erkrankungen des Zentralnervensystems. 
Vogts Handb. Ther. Nervenkr., 1916, 2: 860-944. 


1917 


Fall von intramedullarem Tumor, erfolgreich operiert. Berl. klin. Wschr., 1917, 54: 338. 

Diskussion, L. MANN: Uber Behandlung der hysterischen St6rungen bei Kriegverletzten 
durch elektrischer Stréme. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 3. Nov. 
1916) Berl. klin. Wschr., 1917, 54: 45—46. 

Die Topik der Sensibilitaitstérungen bei Unterbrechung der sensiblen Leitungsbahnen. 
(8. Jahresversamml. Ges. dtsch. Nervenirz.) Dtsch. Z. Nervenheilk., 1917, 56: 185 
186. 

1918 


Die psychischen Stérungen der Hirnverletzen. (Dtsch. Verein. Psychiat. Wurzburg. 25. 
Apr. 1918) Allg. Z. Psychiat., 1918, 74: 553-562. 

Diskussion, KLeist: Isolierte Fokalparesen bei isolierter Lasion der vorderen Zentral- 
windung. Allg. Z. Psychiat., 1918, 74: 581-588. 

Die operative Behandlung der spastischen Lahmungen (Hemiplegie, Monoplegie, Para- 
plegie) bei Kopf- und Riickenmarkschiissen. Dtsch. Z. Nervenheilk., 1918, 58: 151-215. 
Rev. Berl. klin. Wschr., 1918, 55: 766. 

Die Symptomatologie und Therapie der Kriegsverletzungen der peripheren Nerven. (9. 
Jahresversamml. Ges. dtsch. Nervenirz. Bonn. 28-29. Sept. 1917) Dtsch. Z. Nerven- 
heilk., 1918, 59: 32-172. Rev. Berl. klin. Wschr., 1917, 54: 1145. 

Klinische Demonstrationen aus der Pathologie und Therapie der Verletzungen und 
Erkrankungen peripherer Nerven, des Riickenmarks und Gehirns. (Med. Sekt. 
schles. Ges. vaterl. Kult. Breslau. 22. Marz. 1918) Berl. klin. Wschr., 1918, 55: 960. 


* Apparently never published. 
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1919 


Demonstration: Nervenpfropfung bei Poliomyelitis, etc. (Med. Sekt. schles. Ges. vaterl. 
Kult. Breslau. 28. Feb. 1919) Berl. klin. Wschr., 1919, 56: 741. 


1920 


Zwei Falle von Angioma racemosum venosum des Gehirns. (Bresl. chir. Ges. 19. Jan. 
1920) Berl. klin. Wschr., 1920, 57: 570. 

Demonstration: Verletzung des Zervikalmarks, etc. (Med. Sekt. schles. Ges. vaterl. Kult. 
Breslau. Feb. 1920) Berl. klin. Wschr., 1920, 57: 717-718. 

Discussion, SCHAFFER: Ueber den Antagonismus der beiden autonomen Nervensysteme 
an der quergestreiften Muskulatur. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 
14. Mai. 1920) Berl. klin. Wschr., 1920, 57: 1007-1008. 


1921 


Demonstration: Zur Rindenlokalisation der Augenbewegungen. Zur Encephalitis epi- 
demica. (Med. Sekt. schles. Ges. vaterl. Kult. Breslau. 3. Dez. 1920) Berl. klin. Wschr., 
1921, 58: 458. 

Diagnostik und Therapie der Rickenmarkstumoren. (Bresl. chir. Ges. 6. Dez. 1920) Berl. 
klin. Wschr., 1921, 58: 818-819. 

Demonstration: Extramedullarer Tumor, etc. (Med. Sekt. schles. Ges. vaterl. Kult. 
Breslau. 17. Juni. 1921) Berl. klin. Wschr., 1921, 58: 1056-1057. 

Aussprache zu den Berichten Marburg-Cassirer. (10. Jahresversamml. Ges. dtsch. Ner- 
venarz. Leipzig. 1920) Verh. Ges. dtsch. Nervendarz., 1921, 38-40; Dtsch. Z. Nervenheilk., 
1921, 70: 38-40. 

Zur Diagnostik und Therapie der Rickenmarkstumoren (10. Jahresversamml. Ges. dtsch. 
Nervenirz. Leipzig. 1920) Verh. Ges. dtsch. Nervendrz., 1921, 64-74; Dtsch. Z. Nerven- 
heilk., 1921, 70: 64-74. 

Zur Analyse und Pathophysiologie der striaren Bewegungsstérungen. Z. ges. Neurol. 
Psychiat., 1921, 73: 1-169. Rev. Z6l. ges. Neurol. Psychiat., 1922, 29: 42. 


1922 

Demonstration: Atlanto-occipitaltuberkulose, etc. (Med. Sekt. schles. Ges. vaterl. Kult. 
Breslau. 20. Jan. 1922) Klin. Wschr., 1922, 1: 1130. 

Demonstrationen (Psychiat.-neurol. Verein. Breslau. 8. Mai. 1922) Klin. Wschr., 1922, 
1: 1435. 

Kriegsverletzungen des Riickenmarks und der peripheren Nerven. Schjornigs Handb. drz. 
Erfahrungen im Weltkrieg 1914-18, 1922, 4: 235-332. 

1923 

Aetiologie und initiales Krankheitsbild der akuten Kinderlahmung. (17. Kongr. dtsch. 
orthop. Ges. Breslau. Sept. 1922) Z. orthop. Chir., 1923, 44: 3-4. 

Die Topik der Hirnrinde in ihrer Bedeutung fiir die Motilitat. (12. Jahresversamml. Ges. 
dtsch. Nervenarz. Halle. Okt. 1922) Dtsch. Z. Nervenheilk., 1923, 77: 124-139. Rev 
Klin. Wschr., 1923, 2: 227. 

Schlusswort. (12. Jahresversamml. Ges. dtsch. Nervenarz. Halle. Okt. 1922) Dtsch. Z. 
Nervenheilk., 1923, 77: 162-163. 


1924 


Aussprache. Mincazzini: Uber die Pathologie des Kleinhirns. (13. Jahresversamml. Ges. 
dtsch. Nervenarz. Danzig. Sept. 1923) Dtsch. Z. Nervenheilk., 1924, 81: 55-56. 

Aussprache. DUSSER DE BARENNE: Experimentelle Untersuchungen iiber die Localiza- 
tion. (14. Jahresversamml. Ges. dtsch. Nervenarz.) Dtsch. Z. Nerveheilk., 1924, 83: 
300-301. 

Hyperventilationsepilepsie. (14. Jahresversamml. Ges. dtsch. Nervenirz. Innsbruck. 
24.—27. Sept. 1924) Verh. Ges. dtsch. Nervenarz., 1925, 155-163; Dtsch. Z. Nervenheilk., 
1924, 83: 347-356. Rev. Klin. Wschr., 1924, 3: 2269. 

Demonstration: Traumatisches Aneurysma der Arteria cerebri anterior. (Psychiat. neurol. 
Verein. Breslau. 26. Okt. 1923) Klin. Wschr., 1924, 3: 170. 
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Zur operative Behandlung der Epilepsie. (Bresl. chir. Ges. 10. Nov. 1924) Klin. Wschr., 
1924, 3: 2412. 

Umfrage iiber die periarterielle Sympathectomie. Med. Klinik, 1924, 20: 532-535. 

Ein Fall mit ungewohnlichen Augensymptomen bei Enzephalitis. (Verein. Augenarz. 
schles. u. Posens, Breslau 18. Mai 1924) Klin. Mbl. Augenheilk., 1924, 73: 247-249 
(with Bielschowsky, S. [1]). 


1925 


Uber die therapeutische Verwendbarkeit des Tetrophans. Klin. Wschr., 1925, 4: 55-60. 
Rev. Zbl. ges. Neurol. Psychiat., 1925, 4: 41-52. 

Encephalographische Erfahrungen. Z. ges. Neurol. Psychiat., 1925, 94: 512-584. 

Zur Pathogenese und chirurgischen Behandlung der Epilepsie. (Bresl. chir. Ges. 10. 
Nov. 1924) Zbl. Chir., 1925, 52: 531-549. 

Ueber die antidrome Leitung der sensiblen Nerven, pp. 145-155 in: Festschrift fiir Prof. G. 
Rossolimo. 1884-1924. Berlin, 1925. Rev. Zbl. ges. Neurol. Psychiat., 1926. 43: 625. 


1926 


Ansprache. (15. Jahresversamml. Ges. dtsch. Nervenarz. Cassel. 3. Sept. 1925) Dtsch. Z. 
Nervenheilk., 1926, 88: 99-113. 

Zur operativen Behandlung der Epilepsie. (15. Jahresversamml. Ges. dtsch. Nervenarz. 
Cassel. 1925) Dtsch. Z. Nervenheilk., 1926, 89: 137-147. 

Ansprache. (16. Jahresversamml. Ges. dtsch. Nervenarz. Dusseldorf. 1926.) Verh. Ges. 
dtsch. Nervendrz., 1926, 3-14; Dtsch. Z. Nervenheilk., 1926, 94: 3-14. 

Die Pathogenese des epileptischen Krampfanfalles. (16. Jahresversamml. Ges. dtsch. 
Nervenarz.) Verh. Ges. dtsch. Nervendrz., 1926, 15-53; Dtsch. Z. Nervenheilk., 1926, 
94: 15-53. 

Schlusswort. WutTuH, O.: Stoffwechselpathologie. (16. Jahresversamml. Ges. dtsch. 
Nervenarz. Dusseldorf. 1926) Dtsch. Z. Nervenheilk., 1926, 94: 119-122. 

Ansprache. (16. Jahresversamml. Ges. dtsch. Nerveniarz. Dusseldorf. 1926) Verh. Ges. 
dtsch. Nervendrz., 1926, 131-139; Dtsch. Z. Nervenheilk., 1926, 94: 131-135. 

Aussprache. Scuwas, O.: Uber voriibergehende aphasische Stérungen nach Rindenerzi- 
sion usw. (16. Jahresversamml. Ges. dtsch. Nervenarz. Dusseldorf. 1926) Dtsch. Z. 
Nervenheilk., 1926, 94: 182-183. 

Aussprache. TaTERKA, H.: Uber Spontanblutungen bei Tabes dorsalis usw. (16. Jahres- 
versamml. Ges. dtsch. Nervenirz. Dusseldorf. 1926) Dtsch. Z. Nervenheilk., 1926, 94: 
196. 

Aussprache. Lewy, F. H.: Die Bedeutung der Infektion fiir die Neurologie. (16. Jahres- 
versamml. Ges. dtsch. Nervenarz. Dusseldorf. 1926) Dtsch. Z. Nervenheilk., 1926, 94: 
205. 

Schadigung des Gehirns durch stumpfe Kopfverletzungen. (12. Tagung siidostdtsch. chir. 
Verein.) Zbi. Chir., 1926, 53: 1192-1198. 

Operative Behandlung des Torticollis spasticus. (13. Tagung siidostdtsch. chir. Verein. 
Breslau. 26. Juli 1926) Zbl. Chir., 1926, 53: 2804-2805. 

Demonstration: Fibrosarkom der oberen Halswirbel mit Halsmarkkompression, etc, 
(Psychiat.-neurol. Verein. Breslau. 17. Dez. 1925) Klin. Wschr., 1926, 5: 432-433. 

Demonstration: Plétzliche Kompression des Opticus, etc. (Verein. siidostdtsch. Psychiat. 
Neurol. Breslau. 17. Mai 1926) Klin. Wschr., 1926, 5: 1896; 1897; 

Methoden der Dermatombestimmung beim Menschen. (Verein. siidostdtsch. Neurol. 
Psychiat. Breslau. 27-28. Marz 1926) Arch. Psychiat. Nervenkr., 1926, 77: 652-658 


1927 


Die Leitungsbahnen des Schmerzgefiihls und die chirurgische Behandlung der Schmerz- 
zustande. Bruns Beitr. klin. Chir., 1927, 360 pp. (Sonderbd.) Rev. Klin. Wschr., 
1927, 6: 470-471. 

Demonstration: Methoden der Bestimmung des Héhensitzes spinaler Transversallasionen, 
etc. (Verein. siidostdtsch. Psychiat. Neurol. 5. Mai. 1927) Klin. Wschr., 1927, 6: 
1825. . 
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Uber die Vorderseitenstrangdurchschneidung. (2. Jahresversamml. Veretn. siidostdtsch. 
Psychiat. Neurol. Breslau. 5-6. Marz. 1927) Arch. Psychiat. Nervenkr., 1927, 81: 
707-717. 

Schlaffe und spastische Lahmung. Handb. norm. path. Physiol., 1927, 10: 893-972. 


1928 


Ansprache. (17. Jahresversamml. Ges. dtsch. Nervenarz. Wien. Sept. 1927) Verh. Ges. 
dtsch. Nervenarz., 1928, 4—27; Dtsch. Z. Nervenheilk., 1928, 101: 88-110. 

Ansprache. (18. Jahresversamml. Ges. dtsch. Nervenarz. Hamburg. 1928) Dtsch. Z. 
Nervenheilk., 1928, 106: 112-136. 

Zur Pupillarinnervation. Dischr. Z. Nervenheilk., 1928, 106: 311-313. 

Uber die Vasodilatatoren in den peripheren Nerven und hinteren Riickenmarkswurzeln 
beim Menschen. Dtsch. Z. Nervenheilk., 1928, 107: 41—56. 

Ein Fall von Vierhiigeltumor durch Operation entfernt. (3. Jahresversamml. siidostdtsch. 
Psychiat. Neurol. Breslau. 26. Feb. 1928) Arch. Psychiat. Nervenkr., 1928, 84: 515-516. 

Das operative Vorgehen bei Tumoren der Vierhiigelgegend. (Festschr. Wagner-Jauregg) 
Wien. klin. Wschr., 1928, 41: 986-990. Rev. Klin. Wschr., 1928, 7: 2267. 


1929 


Uber die Beziehung des vegetativen Nervensystems zur Sensibilitat. Jher. schles. Ges. 
vaterl. Kult., 1929, 102 (Med. Sekt.): 1-3; Med. Klinik, 1929, 25: 519-520. Abstr. 
Klin, Wschr., 1929, 8: 713-714. (with H. Altenburger) 

Uber die Nachbarschaftssymptome der Hypophysentumoren. (2. Siidostdtsch. Arzteta- 
gung. Prag. 23-24. Feb. 1929) Med. Klinik, 1929, 25: 925-926. 

Demonstration: Spatoperation nach Schussverletzungen peripherer Nerven. etc. (Bresl. 
chir. Ges. 16. Jan. 1929) Klin. Wschr., 1929, 8: 522; Zbl. Chir., 1929, 56: 891-895. 
Uber die Beziehungen des vegetativen Nervensystems zur Sensibilitat. Z. ges. Neurol. 
Psychiat., 1929, 121: 139-185. Rev. Klin. Wschr., 1929, 8: 2256; Zbl. ges. Neurol. 

Psychiat., 1930,.55: 29 (with H. Altenburger and F. W. Kroll). 

Beitrage zur Pathophysiologie der Sehbahn und der Sehsphare. J. Psychol. Neurol. Lpz., 
1929, 39: 463-485. Rev. Zdl. ges. Neurol. Psychiat., 1930, 56: 60. 

Ansprache. (19. Jahresversamml. Ges. dtsch. Nervenarz. Wiirzburg. Sept. 1929. Verh. Ges. 
dtsch. Nervenarz., 1929, 4-16; Dtsch. Z. Nervenheilk., 1929, 110: 208-220. 

Encephalographische Erfahrungen. (4. Jahresversamml. siidostdtsch. Psychiat. Neurol. 
Breslau. 2-3. Marz. 1929) Arch. Psychiat. Nervenkr., 1929, 88: 462-467. 

Uber die Beziehungen zwischen vegetativem Nervensystem und Sensibilitat (Schles. Ges. 
vaterl. Kult. Breslau. 1. Feb. 1929) Dtsch. med. Wschr., 1929, 55: 728 (with H. Alten- 
burger). 

Torticollis spasticus. (23. Congr. dtsch. orthop. Ges. Prag. Sept. 1928) Z. orthop. Chir., 
1929, 51: 144-168 (Beilageheft). 

Spezielle Anatomie und Physiologie der peripheren Nerven. Bumke u. Foersters Handb., 
Neurol. (Lewandowsky) 1929, 3: 785-974. (Erganzbd.) 

Die Symptomatologie der Schussverletzungen der peripheren Nerven. Bumke u. Foersters 
Handb. Neurol. (Lewandowsky) 1929, 3: 975-1508. (Erganzbd.) 

Die Therapie der Schussverletzungen der peripheren Nerven. Bumke u. Foersters Handb. 
Neurol. (Lewandowsky) 1929, 3: 1509-1720. (Erganzbd.) 

Die traumatischen Lasionen des Riickenmarkes auf Grund der Kriegserfahrungen. (Der 
Mechanismus ihres Zustandekommens und die pathologisch-anatomischen Ver- 
anderungen) Bumke u. Foersters Handb. Neurol. (Lewandowsky) 1929, 3: 1721-1927. 
(Erganzbd.) 

1930 


Ansprache. (20. Jahresversamml. Ges. dtsch. Nervenarz. Dresden 1930) Dtsch. Z. Nerven- 
heilk., 1930, 115: 147-159; Verh. Ges. dtsch. Nervenadrz., 1931, 3-15. 

Klinisches: I. Restitution der Motilitat. I]. Restitution der Sensibilitaét. (20. Jahres- 
versamml. Ges. dtsch. Nervenirz. Dresden. Sept. 1930) Dtsch. Z. Nervenheilk., 1930, 
115: 248-295; 296-314; Verh. Ges. dtsch. Nervendarz., 1931, 104-170. 

Schlusswort. GOLDSTEIN: Restitution bei Schadigungen der Hirnrinde. (20. Jahresver- 
samml. Ges. dtsch. Nervenirz. Dresden. Sept. 1930) Dtsch. Z. Nervenheilk., 1930, 
116: 42-43. 
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Der Narbenzug am und im Gehirn bei traumatischer Epilepsie in seiner Bedeutung fiir 
das Zustandekommen der Anfiille und fiir die therapeutische Bekampfung derselben. 
Z. ges. Neurol. Psychiat., 1930, 125: 475-572 (with W. Penfield). 

Demonstration mehrerer Fille von raumbeengenden Prozessen der hinteren Schadelgrube. 
(Verein. siidostdtsch. Psychiat. Neurol. Breslau. 20. Jan. 1930) Klin. Wschr., 1930, 
9: 1603-1604. 

Beitrag zur Behandlung spondylitischer Prozesse im Bereiche des Atlas und Epistropheus. 
Fixierung des Kopfes und der Halswirbelsaule durch Implantation eines Fibulastiickes 
zwischen Vertebra prominens und Okziput. Festschrift S. E. Henschen. J. Psychol. 
Neurol., Lpz., 1930, 40: 215-224. Rev. Zbl. ges. Neurol. Psychiat., 1930, 57: 335. 

Uber die efferenten Fasern in den hinteren Wurzeln. (5. Jahresversamml. Verein siidost- 
dtsch. Psychiat. Neurol. Breslau. Marz. 1930) Arch. Psychiat. Nervenkr., 1930, 91: 
474-475 (with O. Gagel). 

Beitrag zum Werte fixierender orthopadischer Operationen bei Nervenkrankheiten. Fest- 
schrift P. Haglund. Acta chir. scand., 1930, 67: 351-376. 

The structural basis of traumatic epilepsy and results of radical operation. Brain, 1930, 
53: 99-119 (with W. Penfield). 


1931 


Uber das Phantomglied. Med. Klinik, 1931, 27: 497-500. Rev. Zbl. ges. Neurol. Psychiat., 
1931, 61: 72. 

Demonstration. (Schles. Ges. vaterl. Kult. Breslau. 10. Juli 1931) Med. Klinik, 1931, 27: 
1367-1368. 

Demonstration: Hintere Wurzeldurchschneidung bei Schmerzzustanden, etc. (Verein. 
stidostdtsch. Neurol. Psychiat. Breslau. 23. Juli 1930) Klin. Wschr., 1931, 10: 329. 

Ein Fall von sogenanntem Gliom des Nervus opticus- Spongioblastoma multiforme 
ganglioides. Z. ges. Neurol. Psychiat., 1931, 136: 335-366. Rev. Zbl. ges. Neurol. Psy- 
chiat., 1932, 62: 589 (with O. Gagel). 

La ventriculographie dans les tumeurs du mésocéphale, du diencéphale et dans les pseudo- 
tumeurs. Rev. neurol., 1931, 56: 369-370. 

Le processus opératoire dans les tumeurs de la région quadrigéminale. Rev. neurol., 1931, 
56: 481. 

The results of electrical stimulation of the cortex cerebri in man, their relations to archi- 
tectonic structure, to the results of experimental physiology and to clinical sympto- 
matology. (Unpublished typescript of stenographic notes. Lectures, University Col- 
lege, London, 1931*) Abstr. under title: The cerebral cortex in man. Lancet, 1931, 2: 
309-312. 

Surgical treatment of neurogenic contractures. (20th Ann. Clin. Congr. Amer. Coll. Surg. 
Philadelphia. 13-17th Oct. 1930) Surg. Gynec. Obstet., 1931, 52: 360-366. Rev. Zbl. 
ges. Neurol. Psychiat., 1931, 60: 794. 

Rede. (ist Int. neurol. Congr. Berne. 3d Sept. 1931).1 


1932 

Die Vorderseitenstrangdurchschneidung beim Menschen. Eine klinisch-patho-physiologisch- 
anatomische Studie. Z. ges. Neurol. Psychiat., 1932, 138: 1-92. Rev. Klin. Wschr., 
1932, 11: 1561 (with O. Gagel). 

Ein Fall von Recklinghausenscher Krankheit mit fiinf nebeneinander bestehenden 
verschiedenartigen Tumorbildungen. Z. ges. Neurol. Psychiat., 1932, 138: 339-360. 
Rev. Klin. Wschr., 1933, 12: 400 (with O. Gagel). 

Uber die Beziehung von Vorstellung und Wahrnehmung bei Schidigung afferenter 
Leitungsbahnen. Z. ges. Neurol. Psychiat., 1932, 139: 658-693. Rev. Klin. Wschr., 
1933, 12: 163 (with M. Loewi). 


* Copies of this can be found in the libraries of Dr. John F. Fulton, Yale University 
School of Medicine, New Haven, Connecticut, Dr. Paul C. Bucy, Chicago, Illinois, and 
Dr.C. G. deGutiérrez-Mahoney, Vanderbilt University School of Medicine, Nashville, Tenn. 

t This Oration is transcribed in full in: Futtron, J. F. Arnold Klebs and Harvey 
Cushing at the 1st International Neurological Congress at Berne in 1931. Bull. Hist. Med., 
1940, 8: 332-354. , 


ee 
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Ein Fall von Gangliocytom der Oblongata. Z. ges. Neurol. Psychiat., 1932, 141: 797 
823 (with O. Gagel). 

Ein Fall von Gangliogliom der Rautengrube. Z. ges. Neurol. Psychiat., 1932, 142: 507-518. 
Rev. Zbl. ges. Neurol. Psychiat., 1933, 67: 448 (with O. Gagel). 

Die Bedeutung der Ventriculographie fiir die Diagnose der Tumoren des Mittel- und 
Zwischenhirns und fiir die Differentialdiagnose zwischen Tumor cerebri und Pseudo- 
tumor cerebri. (Int. neurol. Congr. Berne. 1931) Zbl. ges. Neurol. Psychiat., 1932, 61: 
441-445. 

Uber das operative Vorgehen bei Tumoren der Vierhiigelgegend. (Int. neurol. Congr. 
Berne. Sept. 1931) Zbl. ges. Neurol. Psychiat., 1932, 61: 457-459. 

Demonstration: Meningiome, etc. (Verein. siidostdtsch. Neurol. Psychiat. Breslau. 2. 
Mai 1932) Klin. Wschr., 1932, 11: 1892-1893. 

1933 

Ein Fall von Ganglioneuroma amyelinicum des Hirnstammes. Z. ges. Neurol. Psychiat., 
1933, 143: 635-650 (with A. J. McLean and O. Gagel). 

Uber afferente Nervenfasern in den vorderen Wurzeln. Z. ges. Neurol. Psychiat., 1933, 144: 
313-324. Rev. Klin. Wschr., 1933, 12: 1887 (with O. Gagel). 

Ein Fall von Gangliogliom der Regio hypothalamica. Z. ges. Neurol. Psychiat., 1933, 145: 
17-28. Rev. Klin. Wschr., 1933, 12: 1586 (with A. J. McLean and O. Gagel). 

Ein Fall von Gangliogliom des Bodens des dritten Ventrikels. Z. ges. Neurol. Psychiat., 
1933, 145: 29-37. Rev. Klin. Wschr., 1933, 12: 1586 (with O. Gagel). 

Zur Physiologie und Pathophysiologie der Sehnen- und Knochenphanomene und der 
Dehnungsreflexe. I. Zur elektrophysiologischen Analyse der Sehnen- und Knochen- 
phanomene bei Gesunden. Z. ges. Neurol. Psychiat., 1933, 146: 641-660 (with H. 
Altenburger). 

II. Die Dehnungsrefiexe bei Gesunden. Jbid., 147: 169-183. Rev. Klin. Wschr., 1934, 13: 
312 (with H. Altenburger). 

III. Die Sehnen- und Knochenphinomene beim Pyramidenbahnsyndrom. /bid., 147: 779 
790. Rev. Klin. Wschr., 1934, 13: 312 (with H. Altenburger.) 

IV. Die Dehnungs- und Anniaherungsrefiexe beim Pyramidenbahnsyndrom. /bid., 148: 
655-669 (with H. Altenburger). 

V. Die Reflexsynergien beim Pyramidenbahnsyndrom. [bid., 149: 409-418 (with H. Alten- 
burger). 

Ein Fall von Gangliocytoma dysplasticum des Kleinhirns. Z. ges. Neurol. Psychiat., 1933, 
146 : 792-803 (with O. Gagel). 

Nucleare Lahmungen bei anamischer funikulirer Spinalerkrankung und ihre Behandlung. 
Z. ges. Neurol. Psychiat., 1933, 147: 161-168. Rev. Klin. Wschr., 1933, 12: 1784 (with 
G. Hofheinz and L. Guttmann). 

Ein Fall von Ganglienzellgeschwulst des Hirnstammes (N. caudatus). Z. ges. Neurol. 
Psychiat., 1933, 147: 713-745. Rev. Klin. Wschr., 1934, 13: 1480 (with O. Gagel and 
A. J. McLean). 

Ein Fall von Ependymcyste des III. Ventrikels. Ein Beitrag zur Frage der Beziehungen 
psychischer Stérungen zum Hirnstamm. Z. ges. Neurol. Psychiat., 1933, 149: 312-344. 
Rev. Klin. Wschr., 1934, 13: 1292 (with O. Gagel). 

Ansprache zur Eréffnung der 21. Jahresversamml. Ges. dtsch. Nervenarz. Wiesbaden. 
22-24. Sept. 1932. Verh. Ges. dtsch. Nervendrz., 1933, 3-12; Dtsch. Z. Nervenheilk.., 
1933, 129: 175-184. . 

Ansprache bei Uberreichung der Erb-Denkmiinze W. Spielmeyer. (21. Jahresversamml. 
Ges. dtsch. Nerveniirz. Wiesbaden. 23.Sept. 1932) Dtsch. Z. Nervenheilk., 1933, 130: 1-3. 

Demonstration: Messerstichverletzungen des Riickenmarks, etc. (Verein. siidostdtsch. 
Neurol. Psychiat. Breslau. 26. Nov. 1932) Klin. Wschr., 1933, 12: 923. 

Cerebrale Komplikationen bei Thromboangiitis obliterans. Arch. Psychiat. Nervenkr., 
1933, 100: 506-515. Rev. Klin. Wschr., 1934, 13: 151 (with L. Guttmann). 

Veranderungen an den Endésen im Riickenmark des Affen nach Hinterwurzeldurch- 
schneidung. Z. ges. Anat. I. Z. Anat. EntwGesch., 1933, 101: 553-565 (with O. Gagel 
and D. Sheehan). 

Symptomatische Eingriffe am Nervensystem, insbesondere solche der Schmerzbekam- 


pfung. Miinch. med. Wschr., 1933, 80: 83-87. Rev. Zbl. ges. Neurol. Psychiat., 1933, 67: 
587. 
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Ueber einen Fall von Stichverletzung des Rueckenmarkes, ein Beitrag zur Lehre von der 
Funktion der Medullaren sensiblen Leitungsbahnen, ins besondere der Hinterstrange. 
Pp. 213-228 in: Volume Julilaire en l’honneur du G. Marinesco. Bucharest, E. Marvan, 
1933. 

The dermatomes in man. (Schorstein Lecture, London, 1932). Brain, 1933, 56: 1-39. 

Mobile spasm of the neck muscles and its pathological basis. J. Comp. Neurol., 1933, 58: 
725-735. 

1934 

Zur Physiologie und Pathophysiologie der Sehnen- und Knochenphinomene und der 
Dehnungs- und Adaptionsreflexe. VI. Die Sehnen und Knochenphinomene beim 
Pallidumssyndrom. Z. ges. Neurol. Psychiat., 1934, 150: 163-171. (with H. Alten- 
burger.) 

VII. Die Dehnungs- und Anniherungsreflexe beim Pallidumsyndrom. Jbid., 588-596 
(with H. Altenburger). 

Ein Fall von Ependymoma polycysticum des Kleinhirns. Z. ges. Neurol. Psychiat., 1934, 
150: 515-527. Rev. Klin. Wschr., 1935, 14: 514 (with O. Gagel). 

Zentraler diffuse Schwannose bei Recklinghausenscher Krankheit. Z. ges. Neurol. Psychiat., 
1934, 151: 1-16. Rev. Klin. Wschr., 1935, 14: 618. (with O. Gagel). 

Die Diagnostik und Behandlung der Geschwiilste des Grosshirns. Klin. Wschr., 1934, 13: 
1737-1742. 

Die tigrolytische Reaktion der Ganglienzelle. Z. mikr.-anat. Forsch., 1934, 36: 567-575 
(with O. Gagel). 

Die operative Behandlung der Schussverletzungen der peripheren Nerven. Miinch. med. 
Wschr., 1934, 81: 1183-1187. 

Uber die Bedeutung und Reichweite des Lokalisationsprinzips im Nervensystem. (46. 
Kongr. Wiesbaden 1934) Verh. dtsch. Ges. inn. Med., 1934, 46: 117-211. Rev. Klin. 
Wschr., 1934, 13: 678. 

1935 

Elektrobiologische Vorgange an der menschlichen Hirnrinde. (22. Jahresversamml. Ges. 
dtsch. Nervenarz. Miinchen. 1934) Dtsch. Z. Nervenheilk., 1935, 135: 277-286 (with 
H. Altenburger). 

Klinik und Pathohistologie der intramedullaren Riickenmarkstumoren. Dtsch. Z. Nerven- 
heilk., 1935, 136: 239 (with O. Gagel). 

Uber Stérung der Thermoregulation bei Erkrankungen des Gehirns und Riickenmarks und 


bei Eingriffen am Zentralnervensystem. Jb. Psychiat. Neurol., 1935, 52: 1-14. 
Der Schmerz und seine operative Bekampfung. Nova Acta Leop. Carol., 1935, 3 (n.F.): 
1-60. 
1936 


Zum Geleit. Zbl. Neurochir., 1936, 1: 2-3. 

Das Ependymom des Filum terminale. Z6/. Neurochir., 1936, 1: 5-18 (with O. Gagel). 

Zur Physiologie und Pathophysiologie der Sehnen- und Knochenphanomene und der 
Dehnungsreflexe. VIII. Die Sehnen- und Knochenphanomene und der Dehnungs- 
reflexe beim Cerebellarsyndrom. Z. ges. Neurol. Psychiat., 1936, 156: 479-483 (with 
H. Altenburger). 

Uber die Anatomie, Physiologie und Pathologie der Pupillarinnervation. (48. Kongr. 
Wiesbaden. 1936) Verh. dtsch. Ges. inn. Med., 1936, 48: 386-398 (with O. Gagel and 
W. Mahoney). 

Symptomatologie der Erkrankungen des Riickenmarks und seiner Wurzeln. Bumke u. 
Foersters Handb. Neurol., 1936, 5: 1—403. 

Motorische Felder und Bahnen. Bumke u. Foersters Handb. Neurol., 1936, 6: 1~357. 

Sensible corticale Felder. Bumke u. Foersters Handb. Neurol., 1936, 6: 358-448. 

Ubungstherapie. Bumke u. Foersters Handb. Neurol., 1936, 8: 316-414. 

The motor cortex in man in the light of Hughlings Jackson’s doctrines. Brain, 1936, 
59: 135-159.* 

A contribution to the study of gliomas of the spinal cord with special reference to their 
operability. Pp. 9-67 in: Jubilee Vol. for Davidenkov. Leningrad, State Inst. for Publ. 
Biol. and Med. Literature, 1936 (with P. Bailey). 


* Condensed from the Hughlings Jackson Lecture, 2d. Int. Neurol. Congr. London. 
1935. See Editorial, The‘motor cortex in man. Brit. med. J., 1935, 2: 260. 








OTFRID FOERSTER 1873-1941 17 


1937 


Die Tumoren der Bricke. I. Ein Fall von Astrocytom der Briicke. Z. ges. Neurol., Psychiat., 
1937, 157: 136-146 (with P. C. Bucy [1], O. Gagel [3] and W. Mahoney [4)}). 

Vegetative Regulationen. (49. Kongr. dtsch. Ges. inn. Med. Wiesbaden. 1937) Verh. dtsch. 
Ges. inn. Med., 1937, 49: 165-187 (with O. Gagel and W. Mahoney). 

Spezielle Physiologie und spezielle funktionelle Pathologie der quergestreiften Muskeln. 
Bumke u. Foersters Handb. Neurol., 1937, 3: 1-639. 


1938 


Ein Fall von Hamatomyelie des oberen Halsmarkes. Zb/. Neurochir., 1938, 3: 321-329. 

Aussprache: Uber das Chiasmasyndrome. Dtsch. med. Wschr., 1938, 64: 188-190. 

Die Hirntumoren und ihre moderne Diagnostik und Therapie. Neue dtsch. Klinik, 1938, 
16: 44-64 (Erganzungsbd. 6). 

Uber die Wechselbeziehungen von Herdsymptomen und Allgemeinsymptomen beim Hirn- 
tumor. Verh. dtsch. Ges. inn. Med., 1938, 50: 458-485. 


1939 


Ein Fall von Agensie des Corpus callosum verbunden mit einem Diverticulum paraphy- 
sarium des Ventriculus tertius. Z. ges. Neurol. Psychiat., 1939, 164: 380-391. 

Das umschriebene Arachnoidealsarkom des Kleinhirns. Z. ges. Neurol. Psychiat., 1939, 
164: 565-580. Abstr. Arch. Neurol. Psychiat., Chicago, 1939, 42: 1147-1148 (with QO. 
Gagel). 

Die Astrocytome der Oblongata, Briicke und des Mittelhirns. Z. ges. Neurol. Psychiat., 
1939, 166: 497-528 (with O. Gagel). 

Uberreichung der Erb-Denkmiinze an Ernst Riidin und Heinrich Pette. Z. ges. Neurol. 
Psychiat., 1939, 167: 6-8. 

Operativ-experimentelle Erfahrungen beim Menschen uber den Einfluss des Nerven- 
systems auf den Kreislauf. Verh. dtsch. Ges. inn. Med., 1939, 51: 253-275. Z. ges. 
Neurol. Psychiat., 1939, 167: 439-461. 

Thyreogene intrarhachideale Geschwiilste. Z6/. Neurochir., 1939, 4: 198-214. 

Harvey Cushing. Z6/. Neurochir., 1939, 4: 195-197. 

Die topische Tumordiagnostik, herdsymtome des Hirntumores. Neue disch. Klinik, 1939, 
16: 260-299 (Erganzungsbd. 6). 

Tumorartdiagnostik, Réntgendiagnostik, Hirnpunktion, Lumbalpunktion. Neue dtsch. 
Klinik, 1939, 16: 449-468 (Erganzungsbd. 6). 

Die encephalen Tumoren des verlangerten Markes, der Briicke und des Mittelhirns. Arch. 
Psychiat. Nervenkr., 1939, 110: 1-74 (with O. Gagel and W. Mahoney). 


1940 


Die encephalen Tumoren der Oblongata, Pons und des Mesencephalons. III. Z. ges. 
Neurol. Psychiat., 1940, 168: 295-331. (with O. Gagel) IV. Ibid., 492-518. 


BIOGRAPHICAL REFERENCES 
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1933. Otfried Foerster zu seinem 60. Geburtstage in Dankbarkeit und Verehrung das 
Wiener Neurologische Institut. Leipzig and Vienna, F. Deuticke, 1933 viii, 181 pp. 

Mann, L. Otfried Foerster zum 60. Geburtstag. Med. Klinik, 1933, 29: 1535. 
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ELECTRIC POTENTIAL CHANGES AT AN ISOLATED 
NERVE-MUSCLE JUNCTION 


S. W. KUFFLER 


Kanematsu Memorial Institute of Pathology, Sydney Hospital, 
Sydney, Australia 


(Received for publication August 18, 1940) 


IN RECENT studies of neuromuscular transmission one of the main difficulties 
was the scatter of the nerve-muscle junctions. This was partly overcome by 
using a strip preparation of the cat’s soleus (cf. Eccies and O’Connor, 1939) 
which contains nerve-muscle junctions restricted to 1-2 mm. of muscle 
length. Further investigations (Eccles, Katz and Kuffler 1941a, b; Eccles 
and Kuffler 1941a, b) were done on this strip-preparation and on frog sar- 
torius which contains discrete foci of nerve endings (Katz and Kuffler, 1941). 
Although a sharp focus of nerve-muscle junctions would give an electric 
response similar to that of a single element, there are obvious advantages 
in recording from an isolated single neuro-muscular junction. The main 
objects of this investigation on the isolated nerve-muscle fibre preparation 
(cf. Kuffler, 1941) are (i) to record the potential change at the small area 
of the junction itself, as distinct from the rest of the fibre; (ii) to find the 
relationship of this potential to the origin of the muscle spike potential. 


METHODS 


Different muscles in frog (Hyla aurea) were tried, such as M. glosshyoideus, the leg- 
skin muscle, M. semitendinosus and other leg-muscles. Finally the M. adductor longus was 
found the most suitable. This muscle is 2-3 cm. long, has parallel fibres about 80, in di- 
ameter and comparatively little connective tissue. 

The muscle is removed with 2-3 cm. nerve attached and put into a glass-chamber 
filled with saline. This chamber is placed on a microscope stand with both direct and trans- 
mitted illumination. The dissection is done under a binocular microscope and a magnifica- 
tion of 10-30 is used. During the whole dissection the muscle is kept in saline while the 
tendinous ends are gripped by screw-adjustable forceps which hold the preparation taut. 
With M. adductor longus the proximal end is left attached to the insertion at the sym- 
physis. After removing the connective tissue sheath with fine scissors the muscle is dis- 
sected with thin needles and silver-steel knives with fine edges and sharp points. The course 
of the nerve down to its finer branches can be followed up easily and all muscle fibres are 
removed except those innervated by one of these fine branches. When about 10 fibres are 
left in a muscle-bundle, fibre after fibre is dissected away, care being taken not to injure 
the nerve, until eventually a single muscle fibre is left with its innervation intact. (Micro- 
photograph Fig. 1.) 

As a rule the fibre need only be dissected clean over a few millimeters each side of the 
nerve entry. Slight injury of the muscle fibre such as touching with the needle, excessive 
pulling when freeing it from adjacent muscle fibres and connective tissue will damage the 
fibre easily and render it inexcitable in a few minutes. Such an injury can be seen under the 
microscope and at these places the protoplasm retracts from the sarcoplasma, becomes 
opaque and seems to break up. The injury spreads very quickly along the muscle fibre. 

Two methods of recording were used. (i) The fibre was either lifted up into paraffin 
floating on the saline (Hodgkin, 1938) or (ii) was brought up to the saline-paraffin inter- 
face where the recording was done while the nerve was stimulated in the overlying paraffin. 
This latter method had the advantage that drugs such as curarine could easily be applied 
to the preparation through the saline and there was better contact between recording 
electrode and fibre, because this was pressed against the electrode by the interfacial ten- 
sion of the saline-paraffin junction. As shown in Fig. 2 the muscle fibre was lifted up so as to 
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protrude into the paraffin while still remaining surrounded by a thin film of saline, i.e. 
without breaking at any point the paraffin surface. In Fig. 2. a fine film of saline should be 
shown between the fibre M and the paraffin P. With successive movements of the electrode 
the interface position with regard to the muscle fibre is unaltered. One leading electrode 
thus made contact with the fibre, while the other lead was kept in the saline, forming a 
large indifferent lead. Small movements (50-100) of the leading electrode along the muscle 
fibre were made by means of a micrometer adjustment under direct microscopic observa- 
tion. Accurate electrode shifts were only possible when the muscle fibre had been freed 
from loose connective tissue. 


[ Cimm. 








Fic. 1. Microphotograph of a living single muscle fibre with its nerve supply. A, lower. B, 
higher magnification. Dark area to the right of the nerve-entry is a small air-bubble. 


In frog’s muscle the end-plate extends over about 100, fibre length, hence in order to 
record selectively from such a region, the recording electrode must make a very good and 
accurate contact and it must be insulated elsewhere. This was done most effectively by 
embedding a platinum wire of 50. diameter in a fine glass hook (about 300, thick), so 
that only a small area of the platinum was uncovered on the inner side of the angle of the 
hook. When the hook pulls the muscle up at the paraffin-saline interface the platinum 
electrode will thus make a good contact with a small area of the muscle while the surround- 
ing glass will largely prevent it from leading from adjacent regions of the muscle (Fig. 2). 

A single nerve-muscle fibre preparation survived under experimental conditions in 
the interface for 6-8 hours and sometimes was kept as long as 24 hours without appreciable 
deterioration. Isolated single muscle fibres, without their innervation, have been kept in 
Ringer by Ramsay and Street (1941) up to ten days and gave normal propagated twitches 
if stimulated directly. In paraffin the muscle fibre frequently ceased to conduct after 1—2 
hours. So far 25 successfully dissected preparations have been experimented on. 
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The stimulating and recording apparatus was the same as described by Eccles, et al. 
(1941b). For recordings in paraffin a preamplifier of low input capacity was added, so as to 
minimize distortions arising on account of the high input resistance. A rectangular input 
through a 2 M® input resistance then reached 90 per cent deflexion in 0.15 msec. 


RESULTS 


A. THE ACTION POTENTIAL AT THE NERVE-MUSCLE 
JUNCTION AND SOME DISTANCE AWAY FROM IT 


For recording from the single fibre in the interface similar conditions 
obtain as with the ‘strip’-preparation of the cat (cf. Eccles and O’Connor, 
1939, p. 49), or with an active nerve fibre in a large volume of a conductive 
medium (Bishop, 1937). | 

Figure 3a shows an action potential set up by a single nerve impulse 
when, using microscopic observation, the recording electrode is placed on 

















f=» 
M _ 
V, 
Yj, HULA: 
Fic. 2. The recording system at the paraffin-saline interface. P, paraffin oil; S, saline; 


G, glass rod (shown in transverse section) in which the platinum wire electrode E, is em- 


bedded; M, muscle fibre; N, nerve. 


the neuro-muscular junction (n.m.j.). The potential rise is composed of two 
phases. The first component rises in about 0.5 msec. to 90 per cent total 
potential height, and the second smaller part follows after a slight delay. 
When the recording electrode is moved 80u away (Fig. 3b), the latent periods 
of the two components are not appreciably altered, but the first is smaller 
and the second shows a larger rising phase. This differential effect on the 
size of the two components is much increased by a further movement to 230. 
from the n.m.j. (Fig. 3c), and in addition the peak of the second component 
is delayed by 0.3 msec. Recording at progressively larger. distances from the 
n.m.j. shows a corresponding increase in this delay. The spike-like second 
component is thus shown to be due to a propagating muscle impulse, the 
speed of propagation being about 2 m. per sec. On the other hand the latent 
period of the initial potential is not altered when recorded 80 or 230u away 
from the junction, but its rate of rise is diminished. This indicates that it is 
due to a local potential generated at the n.m.j. and spreading from there 
electrotonically along the muscle fibre. 

At 0.5 mm. distance (Fig. 3d) from the n.m.j. the initial potential is 
inversely recorded, while the negative phase of the spike is preceded by a 


-_ 
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quick positive wave. Similar findings were obtained in the cat (Eccles and 
O’Connor, 1939; Eccles et al., 1941b) and are due to the leading conditions 
(see above). The initial positive deflexion makes it difficult to interpret ac- 
curately potentials recorded some distance from the n.m.j. 

Thus it is evident from Fig. 3a, b, c, d, that a nerve impulse sets up a 
potential at the n.m.j., the “end-plate 
potential” (henceforth e.p.p.), which 
reaches its peak in about 0.5 msec. and 
decrements very rapidly along the mus- 
cle fibre. No accurate data about this 
electrotonic decrement can be given ow- 
ing to distortions due to the leading con- 
ditions (but see Fig. 3). The rapid spatial 
decrement would be expected for the 
electrotonic spread of such a brief poten- 
tial change (cf. Bogue and Rosenberg, 
1934). 

In the earlier experiments potentials 
similar to Fig. 3c were usually recorded 
at the n.m.j. However, with improve- 
ment of the dissection technic the muscle 
fibre was freed from nearly all surround- 
ing tissue and it was possible to obtain a 
much better contact of the recording 
electrode. Under such conditions and 
with careful placing of the electrode right 
on the motor endplate it was often found 
that the e.p.p. was so large that no spike Fic. 3. Recording at different posi- 
could be detected rising above it (Fig. 3e). tions on the muscle fibre. a, at the nerve 

The potential changes beyond the poe sage seedy adding Se dpe 

and 500, distance from the junction. e, 
spike summit (cf. Fig. 3 and later figures) after careful placement of the electrode 
cannot be interpreted until the interac- 0” the end-plate, no spike action poten- 

. . . . . tial is observed (see text). 
tion with antidromic muscle impulses 
has been investigated. 

The simplest way of recording from a single muscle fibre would be in 
paraffin oil, as was done by Hodkgin (1938) for single nerve fibres. However 
two main difficulties have not yet been overcome. (i) In the absence of inter- 
facial tension, the fibre is not pressed against the electrode and, therefore, 
the contact is not well defined. Moreover, when the preparation is lifted into 
paraffin, some saline still adheres to it especially round the nerve entry, 
forming a drop of varying size. (ii) Little droplets along the fibre probably 
account for “‘false-leads’’ which complicate the records by introducing small 
diphasic waves similar to those described by Bishop, Erlanger and Gasser 
(1926) and Bishop and Gilson (1929). This latter difficulty could frequently 
be overcome by keeping the recording leads close together. 
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Figure 4a shows an observation at the n.m.j. in which the initial e.p.p. 
attains only about 40 per cent of the total action potential height. Figure 
4b is a record taken in the interface at a comparable position. The relative 
sizes of the e.p.p. and spike and the periods of rise are not appreciably dif- 
ferent from Fig. 4a, though as a rule the time course was a little slower in 
paraffin. Thus it appears from the recordings in paraffin, that the rising 
phase at the n.m.j. is not appreciably distorted when leading at the paraffin- 
saline interface. Action potentials up to 100 mV have been obtained in 
paraffin. 


B. THE ACTION OF CURARINE 


Curarine was added to the saline-bath so that it reaches the preparation 
after gradual diffusion. In this way it usually took 20-30 min. to exert its 
full effect on the junction. During this time 
action potentials could be recorded at vari- 
ous stages of curarization as shown in Fig. 
5 and 6. A final concentration of 1-2u mol 
per |. of curarine chloride is generally suffi- 
cient for a complete block of neuromuscular 
transmission. 

Figure 5 shows a series of observations 
during curarization where the recording 
electrode is placed as near as possible to the 
n.m.j., the e.p.p. reaching a little over 70 
per cent total potential height (Fig. 5a). 
The main actions of curarine are seen to be 
(i) progressive diminution of rate of rise 

Fic. 4. a, diphasic action poten- and total height of the e.p.p., but no ap- 
tial at the end-plate region, recorded _preciable effect on its latent period; (ii) a 
in paraffin oil; b, action potential ; ; : 

progressive delay in the latent period of the 


recorded in the interface with cor- . wag of ton . 
responding position of the recording spike, but no significant change in its height; 





electrode. Note the difference of po- (jij) finally as shown in Fig. 5e disappear- 

tential scale: 40 and 0.5 mV. respec- f th mt | 5 eatin ee 

tively. ance o e spike, leaving behind a p 
e.p.p 


Thus the initial e.p.p. can be diminished from over 70 per cent total 
potential height in Fig. 5a to about 40 per cent in Fig. 5d and still a spike 
arises. With a slight further diminution (compare Fig. 5d and e), the absence 
of a spike shows that no propagated muscle impulse is initiated. 

In all experiments where an e.p.p. of over 90 per cent total potential 
height was obtained, the e.p.p. diminished to 40-50 per cent during sub- 
paralytic curarization. Together with the reduction of the initial e.p.p. the 
residual end-plate negativity after the spike is greatly diminished, suggest- 
ing that in the non-curarized muscle, part of the e.p.p. outlasts the spike 
(cf. Eccles and Kuffler, 1941b). The time course of this surviving e.p.p. can- 
not be established accurately from the recordings in the interface. 


a 
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As would be expected, once the spike is set up, it reaches an absolute 
height similar to the pre-curarine state, but variations within 15 per cent 
have been observed. In some experiments the latent period of the e.p.p. 
also varied, while no temperature change occurred. This is possibly due to 





Fic. 6. Progressive curariza- 
tion as in Fig. 5, some distance 
from the end-plate. a, before ap- 
plication of curarine; b, c, and d, 
show practically no change in 
e.p.p. height at the spike origin; 
e, pure e.p.p. 





Fic. 5. Records taken at the end- 
plate region. a, before application of 
curarine; b, c, and d, during progressive curarization show the diminution of the initial 
end-plate potential (e.p.p.) and the progressive lengthening of the spike latent period; 
e, pure e.p.p., no spike is set up. 
slowing of the conduction rate of the nerve impulse during curarization. 

Figure 6 shows another set of observations during the application of 
curarine. The recording electrode was moved a little away from the endplate 
so that an initial e.p.p. of about 30 per cent total spike height was recorded. 
A striking difference from Fig. 5 can be seen in the curarine effect. The 
height of the e.p.p. at which the propagated impulse starts is not appreciably 
changed during progressive curarization, while all the other effects of cura- 
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rine are similar to those described above. Experiments of this type were done 
in six preparations in which the initial e.p.p.’s were normally only 20-30 
per cent total potential height. The change observed during curarization 
never exceeded a few per cent. 


DISCUSSION 


It is at first surprising that the end-plate potential (e.p.p.) preceding the 
spike could not be found in the multifibre preparation of the isolated frog’s 
sartorius (Eccles et al., 1941a). Its occurrence in each single nerve-muscle 
fibre preparation is beyond doubt and the fact that these fibres gave con- 
sistent results for over 6-8 hr. while being frequently stimulated and manipu- 
lated suggests that they are in a good condition. However, these experiments 
have shown that very localized leading from the end-plate zone is necessary 
in order to detect the e.p.p. This does not seem possible in the whole muscle, 
where the aggregate potential from the scattered end plates would not show 
the sharp change in curvature which separates the e.p.p. and the spike in 
a single fibre. 

Despite its close resemblance to the single fibre potentials, the double- 
step potential described by Schaefer and Haass (1939) could not have been 
due to an initial e.p.p. preceding the spike. Presumably it is produced by 
spikes in two different sets of muscle fibres as has already been suggested 
(Eccles et al., 1941a). In the strip-preparations of cat’s soleus a large initial 
e.p.p. (12-18 per cent peak-potential) was sometimes observed preceding the 
spike, but usually it was much smaller or even undetectable (cf. Eccles and 
Kuffler, 1941a). 

There has been previous evidence (Eccles and O’Connor, 1939; Eccles 
et al., 1941a; Schaefer and Haass, 1939) that the e.p.p. is responsible for 
initiation of the propagated spike when a subparalytic dose of curarine is 
applied, or during the refractory period. From the preceding experiments it 
is clear that the e.p.p. is also normally responsible for the initiation of the 
propagated muscle action potential. In most experiments an e.p.p. of 90 
per cent total action potential height was found, and in many cases the 
e.p.p. formed the entire rising phase of the action potential at the end- 
plate (cf. Fig. 3e), the only sign of a propagated spike being the following 
diphasic part of the potential. It seems reasonable to suggest that e.p.p.’s 
at least as large as the spike potential are produced in all preparations but 
are not fully recorded on account of the relative smallness of the endplate 
and the difficulty of placing the electrode exactly on it. Moreover the end- 
plate does not reach round the whole circumference of the muscle fibre. 

It would be of interest to know the threshold e.p.p. required for the 
initiation of a propagated impulse. Direct evidence might be obtained by 
recording at the exact position where the impulse starts; there the shortest 
spike-peak time would be obtained. For that a still finer method of leading 
would be necessary, but is not feasible at present. Further, the electrode 
shifts as a rule can be made in a longitudinal direction only, although rota- 
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tion of the fibre has been attempted. The absence of a spike component in 
Fig. 3e suggests that the spike arises some distance away from the point of 
recording. It would seem that the e.p.p. has to spread and depolarize the 
surrounding region sufficiently to set up a propagated impulse. This would 
be further supported if a point could be found near the end plate, where the 
spike starts whenever the e.p.p. reaches a given height. Indirect evidence 
on this point was obtained by the curarization experiments (cf. Fig. 6). 

At the end plate (cf. Fig. 5d) the e.p.p. diminished to about 40 per cent 
potential height before the spike was abolished; the height of e.p.p. and spike 
initiation were apparently unrelated. At a little distance away, however 
(cf. Fig. 6), the spike seemed to take off from an approximately constant 
level of the e.p.p.; about 30 per cent of full spike height. The spike latency 
naturally increased with progressive curarization as a longer time was now 
required for the e.p.p. to reach the critical potential height. No spike ap- 
peared when the e.p.p. was slightly reduced (cf. Fig. 6d and e). This would 
suggest that the propagation along the muscle fibre starts whenever the 
region adjacent to the end plate is depolarized to about 30 per cent of the 
spike height. 

From six experiments of this kind (as Fig. 6) it seems likely that the 
threshold level is about 30-35 per cent of the total action potential height. 

The foregoing experiments show that the end plate itself has some 
different properties, regarding its excitability, from the rest of the muscle. 
A potential appreciably greater than necessary to initiate propagation at 
another point of the muscle fibre, can be set up without immediately propa- 
gating itself. Hodgkin’s (1938) findings for nerve thus appear to obtain for 
the regions adjacent to the end plate, but not for the end plate itself. 

As pointed out above, latency changes of e.p.p. rise during curarization 
were sometimes observed. These changes, if also occurring in cat, might ex- 
plain the failure of Eccles and Kuffler (1941a) to obtain a similar time course 
of the e.p.p. and initial part of the spike in the “matching” tests, done on 
curarized preparations. Therefore the possibility of a quicker transmitting 
process than the e.p.p. could not be excluded in the cat experiments. 

In the light of the present findings a still quicker mechanism for neuro- 
muscular transmission need not be postulated for the single fibre prepara- 
tion of the frog. 

SUMMARY 

Single muscle fibres with their nerve supply have been isolated from the 
M. adductor longus of frog (Hyla aurea). Electric potential changes have 
been recorded at the nerve-muscle junction. 

1. A potential of about the same size as the muscle spike potential is set 
up by the nerve impulse at the endplate, the end-plate-potential (e.p.p.). 

2. This e.p.p. is responsible for the initiation of the propagated muscle 
impulses. 

3. The e.p.p. can be greatly diminished by curarine before the spike is 
abolished. 
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4. There is evidence that the e.p.p. gives rise to the muscle spike by 
spreading electrotonically and critically depolarizing the region adjacent to 
the end-plate. It is suggested that the threshold for the initiation of a propa- 
gated impulse is about 14 of the normal e.p.p. height. 


I wish to thank Dr. J. C. Eccles and Dr. B. Katz for their valuable help and assistance 
during the course of this investigation, and also the National Health and Medical Research 
Council of Australia for equipping and maintaining the workshop in which most of the 
apparatus was made. 
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ORIAS (1932) reported that stimulation of the preganglionic sympathetic 
fibers at relatively high frequency failed to elicit a sustained contraction of 
the nictitating membrane. When the postganglionic sympathetic fibers were 
stimulated under the same conditions the response of the membrane was 
maintained for long periods. 

Lanari and Rosenblueth (1939) confirmed Orias’ observation, and found 
in addition that prolonged continuous stimulation (2 to 3 hours) of the 
postganglionic sympathetic fibers resulted in a slow decline of the contrac- 
tion of the nictitating membrane and of the dilator muscle of the iris. Stimu- 
lation of the preganglionic sympathetic fibers resulted in a more rapid de- 
cline of response (4th stage) followed by a late persistent increase (5th 
stage). A similar late increase of response took place when the vagal pre- 
ganglionic parasympathetic nerves to the heart were stimulated. The 4th 
and 5th stages have also been observed during prolonged indirect stimulation 
of skeletal muscles (Rosenblueth and Luco, 1939). 

The 4th and 5th stages appear, therefore, when sympathetic or para- 
sympathetic preganglionic nerve fibers, or when motor nerve fibers are stimu- 
lated. All these nerves are cholinergic. The 4th and 5th stages, on the other 
hand, are not present during the stimulation of adrenergic postganglionic 
sympathetic fibers. 

These data suggested the following questions. Is that difference in results 
due to the different nature—cholinergic or adrenergic—of the nerves? Or is 
it because in the first instance a ganglionic or a neuromuscular synapse is 
involved, while in the negative case the transmission occurs across a post- 
ganglionic smooth-muscle junction? 

To answer these questions it was considered necessary to stimulate 
cholinergic postganglionic parasympathetic fibers and record the contraction 
of the smooth muscle innervated by them. The postganglionic fibers of the 
ciliary ganglion (short ciliary nerves) were selected, for three reasons: a, they 
are readily accessible; 6, they are compact; and c, they form a relatively large 
bundle. The pupillary diameter was used as an indicator of contraction. 
The short ciliary nerves contain, however, some sympathetic fibers. It was 
necessary, therefore, to remove the superior cervical ganglion and wait for 
the degeneration of these fibers in order to test the effect of the para- 
sympathetics alone. 


* Aided by a grant for research from The Rockefeller Foundation. 
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Fic. 1. Influence of frequency of stimulation of postganglionic parasympathetic 
fibers on responses of the iris. The superior cervical ganglion had been removed 10 days 
previously, to eliminate the sympathetic component of the short ciliary nerves. The stimuli 
were applied for one minute and the periods of stimulation were separated by 2-minute 
intervals. Photographs were taken 15 and 60 seconds after the beginning of stimulation; 
the pupillary diameter was practically the same at these times. 

A, G and L are controls without stimulation. The other records are responses to dif- 
ferent frequencies of stimulation as follows: B, 25; C, 50; D, 75; E, 100; F, 150; H, 200; I, 
300; J, 25; and K, 17 per sec. 
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As a control for these observations some experiments were made in 
which the preganglionic parasympathetic fibers to the iris were stimulated 


in the IIId cranial nerve. 
METHOD 

Cats were used under dial anesthesia (Ciba 0.75 cc. per kg. intraperintoneally). ‘To 
isolate the parasympathetic fibers it was necessary to remove a portion of the external wall 
of the orbit. Some of the external muscles of the eye were cut away and the ciliary nerves 
were dissected. The stimulating electrodes were placed beyond the location of the accessory 
ciliary ganglion which exists occasionally, lying distal to the ciliary ganglion (Whitteridge, 
1937). When possible both the lateral and the medial short ciliary nerves were included 
within the electrodes. Often, however, it was not possible to use both branches. In those 
cases the main branch (lateral) was used alone (for the anatomy of this region see Whitte- 
ridge, 1937). 

For stimulation of the preganglionic parasympathetic fibers in the IIId nerve the prep- 
aration was as follows. The external carotid on the unused side was ligated. The cervical 
sympathetic was cut bilaterally. After opening the skull a hemidecerebration was performed 
on the side which was to be stimulated. Electrodes were then placed on the exposed II1d 
nerve. Continuous suction by vacuum pump prevented the collection of cerebrospinal 
fluid or blood around the electrodes. 

The pupillary changes were recorded either by measuring its transverse diameter or 
by photographing the eye at different times during stimulation. The stimuli were con- 


PARASYMPATHETIC STIMULATION OF IRIS 29 


denser discharges through a thyratron, controlled in rate by a frequency-beat oscillator. 
In a few cases a Harvard inductorium was used. 


RESULTS 
A. Stimulation of postganglionic fibers. As explained under Method it 
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was sometimes difficult to include all the short ciliary nerves in the elec- 
trodes. As a consequence 
the contractions of the pu- A B 
5 ! 
a 
; 
which yield maximal re- 
sponses in other autonomic = 
neuro-effector systems (see 
fibers at the frequencies mentioned caused contractions of the sphincter 
muscle of the iris, which were maintained for 1 to 2 hours, as shown in Fig. 
2. If the stimulation was prolonged further there was a gradual decrease of 


pil were not always uni- 
form (Fig. 1 and 2). 
In 12 animals series of 
brief periods of stimulation 
at different frequencies 
were recorded. Figure 1 il- 
lustrates typical results. It 
is interesting that the max- 
imal construction was ob- 
tained at about 25 per sec., 
a frequency similar to those 
Rosenblueth, 1932). Fic. 2. Prolonged stimulation of the postganglionic 

For the study of the 4th parasympathetic supply to the iris at the frequency of 
and 5th stages the frequen- _ previously. 
cies of stimulation used A and B: 2 and 0.5 min. before stimulation. C to E: 

, 0.5, 2,and 120 min. after the beginning of stimulation. 
were 50 to 130 per sec. In F, 1 min. after the end of stimulation. 
12 of the 20 experiments 
performed the frequency was 60 per sec., since Rosenblueth and Luco (1939) 
and Lanari and Rosenblueth (1939) found that this rate of stimulation was 
optimal for the separation of those stages. 

Continuous maximal stimulation of the postganglionic parasympathetic 
the response, but in no instance was there a late increase corresponding to a 
5th stage. 

In two experiments the postganglionic sympathetic fibers to the iris 
were stimulated for 1 hour at a frequency of 60 per sec. The results confirmed 
the report of Lanari and Rosenblueth (1939), i.e., there was a dilatation of 
the pupil throughout the period of stimulation. 
The responses to stimulation of either the sympathetic or the para- 
sympathetic postganglionic supply to the iris are therefore similar. The con- 
traction of the responding muscle is sustained for a long time. There is only a 
late and slight fatigue. There is no evidence of a late recovery (5th stage) 
following this fatigue (4th stage). 
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B. Stimulation of preganglionic fibers. Thirteen experiments were per- 
formed, with prolonged stimulation at frequencies of 25 to 150 per sec. With 
frequencies of 25 or 30 per sec. no fatigue was seen after a 90-min. stimula- 
tion. With frequencies of 60 to 150 per sec., typical 4th (Fig. 3C to F) 
followed by 5th stages (Fig. 3H to M) were recorded. 

If, after the 5th stage had developed, the muscle was allowed to rest for 
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Fic. 3. Prolonged stimulation of the preganglionic parasympathetic fibers in the II1d 
cranial nerve at the frequency of 100 per sec. Adrenal glands ligated. 

A: 2 min. before stimulation. B: 5 sec. after the beginning of stimulation. C to M: 2 
5, 15, 20, 26, 33, 40, 50, 64, 95 and 100 min. after the beginning of stimulation. N and O: 
1 and 4 min. after the end of stimulation. 


20 to 30 min., reapplication of the stimuli again ensued in a 4th and then in 
a 5th stage. 

The results of stimulation of the parasympathetic preganglionic fibers 
to the iris are therefore similar to those found by Lanari and Rosenblueth 
(1939) in the preganglionic supply to the heart (parasympathetic) and to 
the nictitating membrane and iris (sympathetic). 


DISCUSSION 


That the parasympathetic component of the short ciliary nerves is 
cholinergic in the rabbit was shown by Engelhart (1931). In cats, similar 
results were obtained by Luco and Lissak (1938), i.e., stimulation of these 
parasympathetic nerves releases acetylcholine in the aqueous humor of the 
eye. 

During stimulation of the cholinergic postganglionic parasympathetic 
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fibers the typical results seen in other cholinergic fibers were not obtained 
(cf. Fig. 2 and 3). The results of that stimulation were similar to those ob- 
tained with adrenergic postganglionic fibers. It may be concluded, therefore, 
that the ability to elicit a late rise of response (5th stage) after an initial 
fall (4th stage) is not a general property of cholinergic nerve fibers, but only 
of preganglionic and motor axons. 

Rosenblueth, Lissak and Lanari (1939) have shown that the five stages 
of ganglionic or neuromuscular transmission may be explained by changes 
in the output of acetylcholine from the presynaptic nerve endings. If this 
explanation is accepted, it should be assumed that the output of acetyl- 
choline from postganglionic parasympathetic fibers does not undergo the 
changes which take place in preganglionic or in motor nerve fibers. The out- 
put of acetylcholine in postganglionic elements declines slowly during a pro- 
longed stimulation. Similarly, the release of adrenaline from adrenergic 
fibers probably decreases only slightly over prolonged periods of stimulation. 


SUMMARY 


The optimum frequency for brief periods of stimulation of the parasym- 
pathetic nerve supply to the cat’s iris is 25 per sec. (Fig. 1). 

Prolonged stimulation of the postganglionic parasympathetic fibers at 
frequencies of 50 to 150 per sec. results in a contraction of the sphincter of 
the iris which is sustained for 1 to 2 hours and which thereafter gradually 
declines (Fig. 2). There is no evidence of a 4th stage followed by a 5th stage 
of increased contraction. 


Similar prolonged stimulation of the preganglionic fibers in the Ild 
cranial nerve results in a marked contraction followed by a fall (4th stage) 
and later by an increase of response (5th stage). 


It is concluded that the appearance of the 5th stage is not a property of 


all cholinergic nerves, but only of preganglionic and motor fibers. 
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INTRODUCTION 


It HAS long been recognized that the electroretinogram of the vertebrate 
eye in the standard leads ‘‘cornea-back of the bulb’’ consists of several com- 
ponent potentials. Algebraical summation of such potentials has been held 
to account for the polyphasic response to illumination (Kuehne and Steiner, 
1880; Einthoven and Jolly, 1908; Piper, 1911; Kohlrausch, 1918). The pres- 
ence of three such components, PI, PII, PIII has been established by the 
experiments of Granit and his collaborators (see summary by Granit, 1938). 

One of the difficulties with the vertebrate eye is that localization of the 
components has to be carried out on an eye in which the receptors are 
directly joined to two ganglionic layers. For this reason it is of importance 
to carry out some analytical work with other types of eyes in which different 
layers of the visual apparatus are anatomically separated or separable. In 
the eye of the water-beetle I have found it possible to separate the visual 
cells from the optic ganglion and also to demonstrate how electrotonic 
spread may complicate evaluation of a complex potential made up of the 
primary visual response and the electrical phenomena in the ganglion. The 
outcome of this work will be reported below. 

Actually, the eye of Dytiscus has been studied previously by Adrian 
(1936) who did not attempt to discriminate between potentials from differ- 
ent sources but chiefly devoted himself to describing various types of 
rhythmic activity recorded from the optic ganglion. Hartline in 1925 gave a 
brief description of electroretinograms from different insect eyes without 
attempting to analyze them. Later Jahn and Crescitelli (1938, 1939; see 
also Crescitelli and Jahn; 1939a, b), have recorded the complex response 
to light of a number of insects. Probably the simplest visual response hither- 
to recorded is that of the arthropod Limulus polyphemus (Hartline, 1925; 
Hartline and Graham, 1932) which is wholly due to the receptors. Recent 
work by Therman (1940) indicates that even a single stratum of visual cells 
in the eye of cephalopods may react to light in a relatively complex manner 
(cf. old work by Beck, 1899; Piper, 1904; Frohlich, 1914). The comparison 
with the results of other workers will be found in the discussion. 


COMPOUND EYE AND OPTIC GANGLION OF DYTISCUS 


The compound eye of the water-beetle occupies a large part of the lateral wall of its 
head and, according to Leinemann (1904), consists of 9.000 ommatidia placed fan-like. 
To each ommatidium belongs a cornea-lens and the sexangular cornea facettes form a 
highly convex surface. The distal curvature of each lens (cl in Fig. 1) is insignificant but 
the proximal surface is highly curved so that the compound cornea is of considerable 
thickness. 











———— 
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According to the work of Guenther (1912) the ommatidium (Fig. 1) is built in the fol- 
lowing manner: Just inside the /ens there are 4 Semper’s cells (kkzk) surrounding a conical 
crystal interior part (kk). These form a cover around the crystal cone reaching to the 
distal parts of the outer retinula cells (kks). The retinula cells (rt) are a drawn-out cell. 
group with a distal swelling in the region of the nuclei of the outer cells (rtzk) and a proxi- 
mal enlargening caused by the nuclei of the basal retinula cells (bz). In the prototype 
ommatidium there are 7 radially placed retinula cells around an eighth central cell. This 
type of ommatidium with 8 visual cells seems to be present in the majority of insects and 
should be regarded as the original form (Plate, 1924). But in the water-beetle (Guenther, 
(1912) as well as in many other beetles (Plate, 1924) the central cell 
descends down towards the basal membrane to form the so-called 
basal cell (bz). Of the remaining radially placed cells one is expelled 
in the proximal zone and therefore does not take part in the forma- 
tion of the rhabdome. 

The rhabdome (rh) is a rod-like homogeneous structure sur- 
rounded by the retinula cells and placed in the centre of the om- 
matidium. It consists of a highly refractive substance, probably 





formed by the inner surfaces of the six radial cells and the basal cell. 4 i 
From the rhabdome excitation is held to be transmitted to the is ae 2 4 


retinula cells (visual cells). 

From the latter and the basal cell the nerve fibres arise (nf), and 
penetrate the basal membrane soon to end in the optic ganglion. 
According to Guenther they pass a layer of nerve cells just under Y 
the basal membrane. According to Holste (1923) this layer would ct +-rt 
merely be a dendritic branching of the fibres. Between them would | 
be supporting cells and pigment cells. 4 

The optic lobe is a 1.5 mm. long pear-shaped structure with its ind 
basis towards the compound eye and the apex tailing off into an 
optic nerve. Its organization is very complex. ‘The general plan seems Fi 
to be that the nerve cells are found in an outer layer surrounding a 
central nucleus of interconnected dendrites (for details, see Holste, 
1923). From the optic lobe the optic nerve runs to the supra- 
oesophageal ganglion (sg Fig. 2). The distance from the layer of 
retinula cells to this ganglion is about 2.5 mm. 

In the eye of Dytiscus the dioptric apparatus of each ommatidium 
is at some distance from the rhabdome (see Fig. 1). At moderate 
intensities the various ommatidia are optically badly isolated on 
account of the lack of pigment between them. In this state the eye of 
Dytiscus should be regarded as a superposition eye. This means that 
rays from the object reach the same rhabdome through several 





facettes there to add their excitatory effects. Intense illumination, Fic. 1. Section 
however, leads to movement of the pigment in between the om- along three om- 
matidia. This favors optical isolation. Thus a smaller number of matidia in the eye 
rays from a given object are projected onto each rhabdome. The de- of the water-beetle. 
creased summation leads to decreased sensitivity and the eye Explanation in text 
changes into an apposition eye (Plate, 1924). (after Guenther, Z. 


The pigment cells (ip) bringing about this change are partly wiss. Zool., 1912, 
found distally round the crystal cone, and partly at the basis of the 100: 60-115). 
retinula cells. Intense illumination makes the pigment of the outer 
layer move inwards towards the basal membrane, whereas the inner pigment moves to- 
wards the cornea. Below a certain strength of illumination follows withdrawal of the 
pigment. 

TECHNIQUE AND PROCEDURE 


Apparatus. Recording of the action potentials was carried out with a cathode ray oscil- 
lograph in conjunction with a three-stage push-pull directly coupled amplifier, designed by 
the physicist of this laboratory, Mr. T. Helme. Absence of drift has been systematically 
controlled. Time was recorded in 0.2 and 0.4 sec. with a Rayleigh-wheel. As stimulus served 
“white light’’ from a hundred watt bulb; Wratten neutral tint filters of standardized in- 
tensity were used for variations of intensity. 
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Preparation. (Cf. Adrian, 1937.) The wall of the isolated head was lifted up and the 
underlying strong muscles removed until the supra-oesophageal ganglion and the optic 
ganglion were layed bare. These ganglions were freed from adjoining tissue, and the supra- 
oesophageal ganglion was lifted up to rest upon an electrode (5 in Fig. 2) taking care to keep 
the optic nerve between them intact. In this manner the optic nerve and the optic ganglion 
were isolated by air up to the basal membrane, and the other electrode could be given dif- 
ferent positions on the optic pathway. In order to lead off from the front of the facette eye 
a small hole was cut in the chitinous cornea through which the fine point of the electrode 
could be inserted. Owing to thickness of the lens this could be done without damaging the 
visual cells. 

As electrodes were used silver-chloride pins covered with cotton wicks drawn out into 
a thin point. Now and then the preparation was irrigated with Ringer solution. Leads 
could also be taken from the isolated compound eye after cautious removal of the optic 
ganglion (leads 1-2). In such cases histological control showed that the point of severance 
was in the region of the basal membrane. 

When dark-adapted animals were used these had been in the dark for 12 hours. As 
pointed out by Adrian (1937) the optic nerve may keep alive for 3-4 hours and the ganglion 
for a very much longer time if prohibited from drying. In quantitative work 2 hours has 
been the limit in these experiments and the repeated response to a standard intensity has 
been used as a check upon the state of the preparation. 


RESULTS 


Intact preparation. Record a of Fig. 3 shows the typical effect from the 
optic ganglion (leads 3-5 of Fig. 2) of a fresh 
preparation and is in essential agreement with 
pictures given by Adrian (1937). As pointed out 
by him the electrode (5) on the supra-oesophag- 
eal ganglion can be regarded as a reference elec- 
trode. This is shown, for instance, by the fact 
that crushing this ganglion does not alter the 
potential change. The baseline before the onset 
of light in Fig. 3 shows that there was no definite 
resting activity. Illumination leads to a strong 
sustained negativity under the electrode of the 
optic ganglion relative to the proximal electrode. 
(In this as in all other records an upward deflec- 
tion marks negativity of the distal electrode rela- 
tive to the proximal one.) The negativity of the 
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Fic. 2. Schematic drawing 








of an eye prepared for an ex- 
periment with receptorial layer 
(r), optic ganglion (og), optic 
nerve (n), and supra-oeso- 
phageal ganglion (sg). The 
numbers 1—4 show the differ- 
ent loci used for the active 
electrode, whereas 5 is the con- 
stant locus of the reference 
electrode on the supra-oeso- 
phageal ganglion. 


ganglion first rises rapidly, then more slowly to 
a plateau. If illumination be continued for a 
longer time the potential very slowly diminishes 
(cf. Fig. 4a and 5a). On the slow potential (Fig. 
3a) there are superimposed irregular oscilla- 
tions, some of the nature of spikes, others slower 
changes. These stop abruptly at cessation of il- 
lumination and after an upward peak the nega- 
tivity diminishes. This rather complicated pic- 


ture recurs with great regularity when the active electrode is placed on the 
proximal part of the pear-shaped optic ganglion. 
Some of the typical ‘later reactions’ (Adrian) of this preparations are 
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illustrated by Fig. 3b, c and d. After an hour, and sooner if the preparation 
is damaged or drying, the irregular oscillations of low amplitude, caused by 
strong illumination, tend to fall into a well developed regular thythm at 
10-20 beats per sec. This “bright rhythm”’ follows upon illumination (see 
Fig. 3b and 4b) and disappears when the light is cut off. On the other hand, 
if the preparation be left in the dark there arises a rhythmic discharge (‘‘dark 
rhythm”’) with a frequency of 6-8 per sec. (Fig. 3d), which disappears upon 
illumination to be replaced by the “bright rhythm.’’ When the light is 
turned out the ‘‘dark rhythm”’ returns progressively, as illustrated by Fig. 
3c. Adrian came to the conclusion that these rhythms were to be regarded 
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Fic, 3. a, potential activity of the optic ganglion (leads 3-5) following illumination 
of the eye. b, “bright rhythm.” c, beginning of the “dark rhythm.” d, “dark rhythm” 
fully developed. e, as in a, but with spontaneous activity present. Time in } sec. 
as the result of synchronized activity in a large number of units. Strong 
illumination or darkness seemed to be the main conditions for the appear- 
ance of synchronized beats. In the former case the rhythm was held to 
reproduce the maximal frequency of the neurons, in the latter their natural 
resting discharge. 

Figure 3e shows a special phenomenon visible also in records 5a and b. 
In this case the ganglion has begun by discharging spontaneously, chiefly 
rapid spikes, in the dark. Upon illumination there is added to these the fast 
potentials caused by the light. At cessation of illumination the latter dis- 
appear, as in Fig. 3a, at the same time as the upward “‘off-deflection”’ ap- 
pears. But, whereas in Fig. 3a the baseline after cessation of illumination is 
quiet, just as it was before the eye was illuminated, in Fig. 3e there recurs 
on the falling phase of negativity the spontaneous activity noted already in 
the dark. The interesting point here is that the spontaneous activity is in- 
hibited during the ‘“‘off-deflection’”’ itself, the latter being almost free from 
spikes. 
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The farther up on the optic nerve the active electrode is placed the 
smaller the negativity caused by illumination. Records a and b in Fig. 4, 
with the active electrode placed between 3 and 4 (Fig. 2) have been taken 
with a faster film. Here spike activity is better visible on the slow potential. 
There is a heavy initial discharge slowly falling to a constant frequency kept 
up as long as illumination sustains the negative potential (cf. Fig. 13). 
Similar leads have been used for record 5a and b after development of the 
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Fic. 4. a and b, action potentials from the optic ganglion in the fresh (a) and ageing 
(b) preparation. Active electrode between 3 and 4. c and d, spike potentials from the optic 
nerve (leads 4-5) at ‘“‘on”’ (c) and “off” (d). e, potential of isolated compound eye (leads 


1—2). Time in } sec. 


regular ‘“‘bright rhythm.” In this figure should be noted the rhythmic group- 
ing of the rapid spike potentials. In parallel with the development of the 
slow beats at 12 per sec. the spike potentials are found to be grouped chiefly 
on the rising phase of the potential wavelets. As long as these are absent, 
as in record 4a, the spike potentials are relatively evenly distributed (cf. 
Adrian, 1937). 

In leads 4-5 on the nerve in the vicinity of the s.o.-gangilon (Fig. 4c) 
there is no slow potential whatever but only spike potentials in the nerve 
arranged in groups corresponding to the rhythm of record 4b. The down- 
ward swing of these spike potentials in records 4a and b suggests that in this 
case they come from the proximal electrode. Such pictures are sometimes 
obtained and signify that the electrode on the s.o.-ganglion is placed near 
the point of entrance of the optic nerve. The off-deflection is clearly visible 
in records 4a and b and these as well as Fig. 4d demonstrate the abrupt ces- 
sation of spike potentials when the light is turned off. 

This series of pictures thus shows how the typical effect, as led off from 
the optic ganglion, consists of a slow negativity which diminishes in ampli- 
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tude when the active lead wanders towards the s.o.-ganglion. Cessation of 
illumination is followed by a definite off-deflection accompanied by inhibi- 
tion of spike activity. Rhythmic waves may occur on the slow negativity 
and their frequency after illumination seems to coincide with the frequency 
of the grouped impulses in the nerve. 




















Fic. 5. Cocaine experiments, a and g, normal optic ganglion potential (leads 3-5). 
c, some minutes after 4 per cent cocaine. d and e, later after cocaine. e, potential of isolated 
compound eye control (leads 1-2). Time in | sec. 


If the optic ganglion and the central parts of the visual path be severed 
from the compound eye in the region of the basal membrane and leads 1-2 
be used, illumination still elicits a large slow potential of upwards 10-15 mV 
as shown by Fig. 4e. This record is from a moderately dark-adapted eye. 
The electrode in the front, without exception, is negative relative to the 
electrode on the back of the eye. In this case the negativity directly rises to 
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its maximum, and after a drawn-out top passes over into a slightly sloping 
plateau (cf. Fig. 9a). When the light is turned out the negativity first drops 
quickly to a certain level from which follows a very slow descent towards 
the baseline. This is best seen in slow films, as Fig. 9a. The isolated com- 
pound eye (i.e. the retina minus optic ganglion) always gives a monophasic 
effect. There are never any superimposed potential waves nor negative off- 
deflections. 

This circumstance that the isolated compound eye only gives a strong 
negative potential upon illumination 
suggested that the sustained negativ- 
ity, led off from the optic ganglion, in 
reality belongs to the eye itself. Ex- 
periments with cocainized ganglions, 
as we Shall see, support this conclu- 
sion. 

Ganglionic action potential after co- 
cainization. In record a in Fig. 5 there 
is first the characteristic response from 
the optic ganglion (leads 2-5) already 
described. There is definite spontane- 
ous activity in the dark and a tendency 
to rhythmic waves before and after il- 
lumination. After the initial rise of the 
potential there is a definite swing-back 
before the effect slowly rises towards 
its maximum (cf. Fig. 3a). When a 
drop of a 4 per cent cocain solution has 
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Fic. 6. Decrement of the retinal ac- 
tion potential along the visual path 
plotted in terms of size of response against 
distance in mm. from the receptors (filled 
circles). The log of these values (open 
circles) also plotted against the same 


been applied to the ganglion the type 
of the response totally changes (Fig. 
5c). The electrodes have not been 
moved. The initial swingback has dis- 
appeared, and so have the rhythmic 
potential waves as well as the off-de- 


abscissa. Zero on the abscissa represents 
the potential as led off directly from the 
compound eye itself. 


flection. There remains only the large 
negative potential upon which is su- 
perimposed an even flow of impulses in 
which transition from spontaneous activity to stimulated activity cannot 
be discerned. At a later stage spike activity also disappears and the negative 
potential of Fig. 5d tends to assume the shape of the isolated retinal action 
potential from the compound eye alone (Fig. 5f, leads 1-2). Even an in- 
crease of the type of exposure (Fig. 5e) cannot provoke an off-deflection (cf. 
Fig. 5b). 

This and other similar experiments demonstrate that the effect, as 
recorded from the optic ganglion, partly consists of a strong sustained nega- 
tivity almost certainly emanating from the receptors, and partly of effects 
































RETINAL AND OPTIC GANGLION RESPONSE 39 


from ganglion and nerve fibres superimposed upon the latter. The optic 
ganglion contributes an effect both at “on” and “‘off” in addition to poten- 
tial waves during illumination. These effects sum algebraically with the 
potentials from the retina. The relation between the retinal action potential 
and the ganglionic effect will be discussed below. 

Decremental spread of the retinal response along the optic pathway. The 
experiments with cocain made it highly probable that the response remain- 
ing after cocaine is nothing but the retinal response picked up from the 
ganglion. Seeing how in Fig. 4 the amplitude of the sustained negative 
response diminishes, the further the leads are from the receptorial layer, it 
became necessary to investigate this factor systematically with our standard 
illumination and electrode 5 on the s.o.-ganglion as reference point. 

Four such experiments have been averaged in the diagram of Fig. 6 to 
show the amplitude of the response (filled circles) against distance of the 
active electrode from the receptorial layer. Zero on the abscissa means that 
the leads are taken from the compound eye itself (1-5 in Fig. 2). Size of the 
visual response falls along the optic pathway in an exponential manner, as 
shown by the straight line obtained when log amplitude is plotted against 
distance (open circles in Fig. 6). 

The spatial decrement of the slow negativity in the diagram suggests 
electrotonic spread. The decrement follows the equation P,=P,-e-** in 
which P,, represents the maximal amplitude at the postretinal electrode at 
distance X cm. from the receptorial layer and P, is the maximal amplitude 
below the receptor electrode (cf. Bogue and Rosenberg, 1934 for polarization 
of peripheral nerve and Eccles, 1935 for the post-ganglionic trunk in the 
superior cervical ganglion). The electrotonic constant a in this case is about 
16, indicating relatively limited spread of the retinal action potential. 

A polarizing current of sub-threshold strength and rectangular shape 
gives in the sciatic nerve of frog at zero distance an electrotonic potential 
with approximately exponential rise (Bogue and Rosenberg, 1934). With in- 
creased distance of active electrode from the polarizing circuit the electro- 
tonic potential has an S-shaped rise and a lower and somewhat later maxi- 
mum. Similar changes with increased distance from the point of origin also 
characterize the sustained negativity of the eye of the water-beetle. Thus, 
record 4a which has been taken at a distance of about 1.5 mm. from the eye 
illustrates the slow creep from the baseline and S-shaped rise of the response. 
Even when taken directly from the compound eye the potential does not 
leave the baseline instantaneously, although it rises far more rapidly and 
sooner reaches its maximum compared with the preceding case (visible, for 
instance, in Fig. 4a compared with 5f despite different speed of the film). 

The slow rise of the potential makes it difficult to locate its earliest point. 
Another complication is the on-effect from the ganglion, mentioned above 
(see Fig. 3a and 5a), which falls into different regions of the rising phase 
dependent upon the locus of the active electrode. But taken as a whole 
these experiments on electrotonic spread support the conclusion that the 
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main part of the sustained response is nothing but the retinal action poten- 
tial which has spread electrotonically to the ganglion. 

The potential of the compound eye. One may ask whether the monophasic, 
relatively simple retinal action potential is homogeneous or whether it con- 
sists of components with different function or significance. From this point 
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Fic. 7. Potentials of isolated com- 


pound eye (leads 1-2). Upper record, con- 
trol. In the middle row off-effects after re- 
spectively 0.5, 1, 15, and 30 sec. illumination. 
Lower records illustrate ‘‘on’’-effects for 
intervals 0.5, 4, 15, and 30 sec. after cessa- 
tion of previous illumination. Time in } and 
1/1 sec. 


of view the striking difference be- 
tween its rising initial phase and its 
descent to the baseline is of particu- 
lar interest. Apparently illumination 
leads to a depolarization of the recep- 
torial layer causing its proximal end 
to be negative relative to the neu- 
rones. 

In Fig. 4a and 5f, and particularly 
after the long exposure in Fig. 9a, one 
can distinguish two phases with dif- 
ferent temporal properties in the fall 
of the curve after cessation of illum- 
ination. There is an initial rapid drop, 
varying in extent from case to case, 
and falling to a level from which the 
potential then slowly diminishes. ‘The 
first rapid phase is complete within 
about 0.2 sec. But it lasts some 30-60 
sec. before the potential has reached 
zero from this level. These changes 
are clearly dependent upon time of 
exposure. 

A. Different times of exposure. Rec- 
ords in the middle row of Fig. 7 show 
the fall of the retinal action potential 
of the isolated compound eye for dif- 
ferent times of exposure (0.5—30 sec. ). 
Between each exposure there has been 

















an interval of rest of more than 1 min. 
and the maximal amplitude of the negativity has been checked up and 
found to be constant and of the order of magnitude of the initial deflection 
in the upper record of Fig. 7. After an exposure of 0.5 sec. the retinal response 
drops rapidly about 85 per cent of its initial value to be followed by the 
slowly diminishing remainder. But after an exposure of 30 sec. the fast drop 
of the response is only about 40 per cent of its initial rise. At the same time 
it tends to tail off more slowly into the later phase. An experiment of this 
type is shown schematically in Fig. 8, where the course of the fall of the re- 
sponse towards the baseline for different exposures is put in along the sus- 
tained negativity and the values are given in per cent of the maximal amplli- 
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tude of the negativity. The dotted curve shows the level reached by the 
rapidly falling phase at different exposures. 

As already pointed out the initial rapid drop lasts about 0.2 sec, but it 
takes up to a minute before the potential almost rectilinearly reaches 
zero. If after a previous exposure the stimulus is reintroduced, the light 
causes reappearance of the visual response which then reaches an amount of 
potential which roughly corresponds to the level attained by the preceding 
retinal action potential. And the new effect rises from that particular point 
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Fic. 8. Diagram showing the course of fall of the retinal negativity towards the base- 
line after varying times of exposure. The dotted line shows the level to which the rapidly 
falling phase of the vanishing response drops at “‘off.’’ The values are in per cent of the 
maximal amplitude of the retinal response. 


on the slowly falling phase of the preceding stimulus which corresponds to 
the interval between cessation of the one and initiation of the other response. 
Thus, on account of the fall in the level of the potential, as it slowly declines 
in the dark, the amplitude of the reintroduced visual response will increase 
when this interval of darkness increases. A series of such responses recurring 
after different intervals is shown in the lowermost record of Fig. 7 to be 
compared with the uppermost curve of the same figure taken after a dark 
interval of more than a minute. 

The upper record of Fig. 9 shows the sustained visual response of the 
isolated compound eye after an exposure of 90 sec. The potential slowly falls 
during the first 30 sec. thereafter to remain at a practically constant height. 
The lower record shows the effect of a very slow flicker at 1-2 per sec. With 
this intermittent stimulus the upper contour is a copy of the effect of con- 
tinuous illumination. The lower contour marks approximately the level of 
the rapid drop, as with this rate of stimulation the slow fall has not time to 
appear before the next flash of the intermittent stimulus sets in. Compared 
with the experiment, shown in Fig. 8, the level to which the rapid drop of 
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potential falls, sooner reaches its maximal value which also is greater than 
in Fig. 8. The determinants for these variations will be discussed below. 

B. Different intensities. In the experiments illustrated in Fig. 10 a long 
exposure of 20 sec. has been chosen so that the rapid fall at “off” is small 
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Fic. 9. Response of isolated compound eye to 90 sec. of continuous (a) and 
intermittent (b) illumination. Time in sec. 


(cf. Fig. 8) at the highest intensity (intensity 1 in Fig. 10a). The initial drop 
at “‘off” is only about 10 per cent of the maximal amplitude of the response. 














Fic. 10. Response of isolated compound eye to 20 sec. illumination with intensities 1 
(a), 1/100 (b) and 1/10,000 (c). Time in sec. 


When illumination was diminished to 1/100 the total retinal action potential 
decreased to less than half, whereas the initial drop at “off” was 20 per cent 
and thus in absolute terms was practically unaltered. Finally, at the inten- 
sity 1/10,000 the retinal response was reduced to 1/50 and now the rapid 
fall practically reached the baseline. The average result of 5 such experi- 
ments is shown graphically in Fig. 11. In all experiments time of exposure 
has been 20 sec. and 5 intensities have been tested. Both the values for the 
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total amplitude of the retinal action potential (filled circles) and the rapid 
drop at “off’’ (open circles) are plotted in per cent of the maximal response 
against log intensity. The diagram shows how the retinal action potential 


\oo} 7 


Fic. 11. Plot of the am- 
plitude of the total response 
(filled circles) and of the 
rapid drop at “off’’ (open 
circles) against log bright- 
ness. Values in per cent of 
total response to maximal 
intensity (intensity 1). 
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rises as the intensity increases. The amplitude of the rapid drop at “off,”’ 
however, follows quite a different course. It is clear that, as long as the 























Fic. 12. Response of dark-adapted (a) 
and light-adapted (b) isolated compound 


eye. Time in } sec. 


curves run together, this also means 
that the whole visual response disap- 
pears with the rapid drop at “off.” 
This is seen to be the case at the low- 


re \ est intensities (1/10,000, 1/1000). 


But at the higher intensities from 
1/100 upwards the rapid drop of 
potential at “off” asymptotically 
reaches a maximum although the 
total visual response now increases 
very rapidly. In proportion to the 
latter the fall therefore looks smaller 
and smaller. Thus, at higher intensi- 
ties, an increasingly greater part of 
the total fall of potential at “off” will 
consist of the slowly falling phase. 
The rapid depolarization at ‘‘on’”’ and 


the rapid repolarization at “‘off’’ behave very differently at different inten- 


sities. 


Figure 12 shows the difference between the retinal action potentials of 
light- and dark-adapted water-beetles. After prolonged dark-adaptation 
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the visual response rapidly reaches large values and also disappears rapidly 
when the light is turned off. But if the eye is left illuminated for 8-10 min. 
and then, after 1 min. in the dark, is stimulated with the standard intensity 
(lower record in Fig. 11) the visual response looks quite different. Its rising 
phase is slower and amplitude lower and at cessation of illumination it also 
disappears along a drawn-out curve. 


DISCUSSION 


Adrian (1937) held the large potential recorded from the optic ganglion 
of the water-beetle including the rhythmic beats in darkness and those 
elicited by bright light to be due to the optic ganglion itself. But we have 
seen now that the retina of the isolated compound eye lacking its ganglion 
cells reacts to light with a large sustained negativity spreading electroton- 
ically along the optic path down to the ganglion from which it also can be 
recorded. Even if Guenther’s view that there is a separate layer of cells just 
below the basal membrane be correct, these cells can hardly be responsible 
for this very large potential, the less so as histological controls have shown 
that in some of the experiments with isolated eyes even the basal membrane 
has been torn away. Illumination clearly leads to a depolarization of the 
receptors themselves making their distal end negative in relation to the back 
of the eye including the post-receptorial fibres. 

The eye of cephalopods (Beck, 1899; Piper, 1904; Frohlich, 1913) which 
also consists of receptors alone gives a similar monophasic negative poten- 
tial. Among arthropods the lateral eye of the horse-shoe crab (Limulus 
polyphemus) is known to react in the same manner (Hartline, 1928; Hart- 
line and Graham, 1932). The eyes of other arthropods (Melanoplus chorto- 
phaga, Vanessa, Musca, Bombus) according to Hartline (1928) may show a 
diphasic variation of the chief negative potential. Later work with insects 
(Melanoplus samea) has shown that sometimes a positive initial deflection 
may precede the prolonged negative receptor potential (Crescitelli and 
Jahn, 1939a, b; Jahn and Crescitelli, 1938-39). But these experiments have 
been carried out on eyes in situ. Under such circumstances complex respons- 
es may be obtained also from the retina of Dytiscus, which when properly 
isolated always respond with a simple monophasic potential. 

It is obvious that polyphasic responses may be caused by currents 
spreading over inactive tissue to the second electrode which cannot be re- 
garded as indifferent (cf. Gilson and Bishop, 1937; Eccles, 1939). Complex 
responses may also be caused by processes in the optic ganglion as shown 
above. Thus, for instance, Hartline’s picture from Vanessa looks like the 
combined response of retina and optic ganglion in Dytiscus (leads 1-5). 

These considerations do not exclude the possibility that in the receptors 
of some insects there may be processes of opposite potential sign. They 
merely serve to emphasize that such phenomena have not yet been con- 
vincingly demonstrated. Actually Therman (1940) has found two processes 
of opposite potential sign in the isolated eye of the cephalopod Loligo, re- 
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acting somewhat differently to different agents. Whether similar phenomena 
can be shown to occur in the eye of the water-beetle remains to be investi- 
gated. So far they have not turned up. 

On the other hand it will be necessary to deal with two monophasic 
potentials of identical sign in Dytiscus, as shown by the experiments of 
Fig. 7, 8, 10 and 11, analyzed above. The response of the isolated compound 
eye to relatively strong light is shown split into its two components in Fig. 
13. The dotted line S of Fig. 13a represents the level to which the total 
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Fic. 13. a, analysis of the electroretinogram of the isolated compound eye (line 
drawn in full). Components drawn in broken lines, heavy black line indicates a stimulus of 


a duration of 20 sec. b, frequency of the impulses in the optic nerve plotted against 
duration of illumination. 


potential falls upon cessation of illumination and is taken to illustrate the 
course of the slow component. It rises so slowly that at short exposures the 
total response has a large rapid drop at “‘off.’’ After long exposures the 
drop at “off” decreases owing to the rise of S. As indicated in connection 
with Fig. 12 the latter component is largely responsible for the shape of the 
retinogram of the light-adapted eye. The difference between the total 
response and the superimposed slow component is given by curve R in Fig. 
13a, illustrating a second fast component the peak of which probably is 
unduly accentuated. This component seems to be better marked in the dark- 
adapted eye and looks like an integrated frequency-time curve of the im- 
pulses in the optic nerve (see Fig. 13b). As shown by the experiments of Fig. 
10 and 11 the maximal amplitude of the total response rises when the stimu- 
lus is being increased, whereas the fast phase of the repolarization at ‘‘off” 
rises only inside a relatively low range of intensities. At a certain level of 
intensity the initial deflection goes on increasing with further increases in 
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strength of illumination but the drop at “off” remains constant. This im- 
plies that the total response at low intensities chiefly consists of the fast 
component R whereas at higher intensities S becomes relatively more 
prominent. This explains why at low intensities (see Fig. 10c) the record 
shows an instantaneous drop at “‘off”’ and lacks the rounded top of the high 
intensity responses. There is further to be noted that at low intensities (Fig. 
10c) the response remains at constant height whereas at height intensities 
it slowly decreases during illumination (see Fig. 10a and b). Unfortunately 
the peak of the component R cannot be obtained experimentally. This is 
because R predominates only at low intensities and because the peak prob- 
ably is absent with weak stimuli, to be judged from the fact that the peak 
also is absent in the frequency-time curve of the impulses at such intensities. 

Can we make any assumptions as to the nature of these components? 
Hanstrém (1937, 1938) distinguishes between two systems: Peripheral 
retinula cells with short nerve connections (fibrae visuales breves) to a first 
synapse, and basal retinula cells with relatively long nervous connections 
(fibrae visuales longae) to a more centrally placed layer of ganglions in the 
optic lobe. These suggestions have to be borne in mind as providing a possible 
explanation of the two component potentials in the isolated compound eye 
of Dytiscus, even though another explanation at the moment seems to be 
more probable. This is based on the fact that at higher intensities the retinal 
pigment moves up between the ommatidia. The slow course of the S-com- 
ponent is in favour of this view, as is also the fact that the impulses come 
and go much as the fast component R. In the dark-adapted state and at low 
intensities the pigment is contracted; it expands as the intensity rises and 
then again it slowly withdraws upon cessation of illumination. These prop- 
erties do remind one of the properties of the slow component. 

A comparison with the vertebrate retina suggests that the slow com- 
ponent might be identical with PI responsible for the c-wave (Granit, 
1933-38; Granit and Riddell, 1934; Therman, 1938). The component PIII 
(Granit, 1933-38; Therman, 1938; Granit and Helme, 1939) is the one most 
likely to be the fast component R of the water-beetle’s eye. But, taking into 
account the inversion of the vertebrate retina (Kuehne and Steiner, 1881), 
they are of opposite sign, and for this reason previous workers (Bruecke and 
Garten, 1907; Piper, 1911) have been inclined to identify the negative re- 
sponse of the cephalopod eye with the b-wave of the vertebrate retinogram 
which is part of its component PII (Granit, 1933). A possible solution of this 
discrepancy may be found in Terman’s (1940) result that the receptor poten- 
tial of Loligo has two components of opposite sign, both with properties 
reminiscent of the vertebrate component PIII. On this view PIII may turn 
up with different electrical sign, predominantly positive, predominantly 
negative, in different types of eye and under different experimental condi- 
tions. 














RETINAL AND OPTIC GANGLION RESPONSE 47 


SUMMARY 


Action potentials have been recorded from the isolated compound eye, 
the optic ganglion, and the optic nerve of the water-beetle (Dytiscus margi- 
nalis) with a directly coupled amplifier and a cathode-ray oscillograph. 

The aim of the work has been to separate the activity of the isolated 
retina from the potentials in ganglion of nerve in order to study the proper- 
ties of the former, all of which have been mixed in previous work with the 
same preparation. 

The receptors in the isolated compound eye upon illumination react 
with a large monophasic potential, the front of the visual elements being 
negative relative to the back of the eye and postreceptorial fibres. No poten- 
tial of opposite sign has ever been seen. 

The properties of the retinal response have been studied in experiments 
with varying exposures and intervals of rest at constant intensity as well as 
for varying intensities at constant exposures. The experiments suggest that 
the monophasic response consists of two components of the same electrical 
sign: A slow one somehow connected with adaptation, and a fast one repre- 
senting receptor activity. In the dark-adapted state and at low intensities 
the fast component predominates; in the light-adapted state and with strong 
stimuli the low component becomes visible. 

The retinal response spreads to the optic ganglion with electrotonic 
decrement. The effect, led off from the optic ganglion, consists of the retinal 
response adding itself to specific potentials from the optic ganglion. There are 
in the latter deflections at both ‘‘on’’ and “‘off,”’ and, under certain circum- 
stances, rhythmic wavelets during illumination. The specific potentials in 
the ganglion disappears, when it is cocainized, so that finally only the mono- 
phasic response from the retina is left. The rise of the receptor potential 
coincides with an outburst of impulses in the optic nerve, soon falling to a 
constant frequency during illumination. When the light is turned off the im- 
pulses stop instantaneously and there is never any off-discharge to be seen. 

During the off-deflection in the ganglion spontaneous activity in the 
nerve, if present, is inhibited. 

The experiments have been carried out with the support of a grant from the Rockefeller 
Foundation. 
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THE TRANSVERSE temporal gyrus, Heschl’s convolution, has traditionally 
been regarded as the site of termination of the acoustic thalamo-cortical 
radiations in man. Two principal lines of evidence may be adduced in sup- 
port of this belief. Cytoarchitectonic and myelogenetic studies point to this 
area as one of characteristic histological structure (area 41 of Brodmann). 
Clinical studies, though meagre, tend to show that damage to the transverse 
temporal gyrus may result in hearing deficiencies. 

In the monkey, there is usually on the superior (horizontal) surface of 
the superior temporal gyrus, near its broadened posterior extremity, a slight 
elevation which, it has been suggested, may be homologous with the human 
transverse temporal gyrus. Poliak (1932) states that the largest contingent 
of fibers of the acoustic radiation of the monkey terminates in the cortex of 
the elevation, although he also describes radiation fibers passing to all con- 
cealed surfaces of the superior temporal gyrus. Walker (1937), using the 
same species, found that a portion of the elevation is occupied by an area of 
koniocortex which he assumed to be primary acoustic projection area. 
Lesions involving this part of the superior temporal gyrus resulted in retro- 
grade chromatolysis in the medial geniculate body. 

The present study is an attempt to demonstrate by an electrical method 
the exact limits of the primary cortical acoustic projections, as has previ- 
ously been done on the cat (Ades, 1941). 


METHOD 


In order to obtain adequate exposure of the superior temporal gyrus, it is necessary 
to remove the cortex and medullary substance of the inferior parietal and frontal lobes as 
illustrated in Fig. 1A. The entire hemisphere is exposed under deep nembutal anaesthesia 
and the areas mentioned are removed by means of a suction pipette so that the inferior lip 
of the lateral fissure as well as the insuia is cleared, affording access for the electrode. The 
entire experiment is carried out under nembutal anaesthesia. 

The stimulus consists of a sharp click generated by a thyratron relaxation-oscillator 
working through a power amplifier and delivered from a 10-in. speaker 2 ft. from the ani- 
mal’s head. The oscillator could be fired manually or by a timer. Recording of the stimulus 
was accomplished by means of a microphone placed close to the animal’s head, and led 
through a transformer-coupled amplifier to the oscillograph. 

Response from the cortex was recorded by leading from a unipolar silver electrode 
through a resistance-capacity coupled amplifier to a Dumont type 175A oscillograph. 


* Communication No. 41 from the Physiological Psychology Laboratory, University 
of Rochester (Elmer A. Culler, Director.) This laboratory is maintained by aid of the Re- 
search Council, American Otological Society. 
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Simultaneous recording of stimulus and response on the same cathode-ray tube was ac- 
complished by splitting the beam with a Dumont electronic switch. 

Standard procedure was to move the electrode systematically in steps of approxi- 
mately 2 mm. over the exposed inferior lip of the lateral fissure, recording the response from 
each point until the responsive area had been delimited. The responses shown in the 
figures were photographed from the single sweep (manually controlled) cathode-ray trace 
on 35 mm. Eastman 809 recording paper. 


RESULTS 


Click stimulation produces an essentially diphasic response in the pri- 
mary acoustic projection area of the monkey. The response is characterized 
by an initial large surface-positive spike, 
followed by a surface-negative phase, 
usually smaller in magnitude and longer 
in duration. Typical examples are shown 
in Fig. 2. It has essentially the same 
characteristics as the cortical response 
to appropriate stimulation in other af- 
ferent systems, as described by several 
previous authors. Some variability in 
the response is encountered. For exam- 
ple, at times the surface-positive phase 
seems to be the only component pres- 
ent. This is frequently due to the mask- 
ing effect which the spontaneous poten- 
tials exert on the negative wave, as is 
shown by the fact that the negative 
component is nearly always perceptible 
when the base line is smooth. At times, 
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Fic. 1A. Fronto-lateral view of mon- 
key brain showing exposure of superior 


temporal gyrus and insula. Fic. 2. Photographs 

Fic. 1B. Lateral view of monkey showing typical cortical 
brain; black lines indicate extent of acoustic response to click stimu- 
area as projected to lateral surface. lation. 


the negative component is the larger or even the only visible portion of 
the response, a variation which may occur at any point within the boun- 
daries of the area. This particular variation is unsystematic in its occurrence, 
and, from the results of the present study, can only be interpreted as due to 
temporary local conditions at the time recorded. The criterion for determin- 
ing the boundaries of the acoustic projection area was, therefore, essentially 
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presence or absence of response, since the variability in the response was 
unsystematic, even erratic. 

The portion of the superior temporal gyrus of the monkey responsive to 
click stimulation was confined to the posterior half of the superior surface, 
adjacent to the insula. The area usually covers the medial half of the supe- 
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Fic. 3. Monkey No. 11, right side. A. Fronto-lateral view of brain, showing experi- 
mental exposure. B. Enlarged view of exposure; black dots indicate points from which 
responses were obtained. C. Enlarged view of area outlined in B, showing photographs of 
responses superimposed at point from which each was elicited. Lower trace in each case is 
the stimulus line. 


rior surface, sometimes more, but never extends as far laterally as the exposed 
lateral surface of the gyrus. 

Maximal responses were always from the angle formed by the posterior 
and medial margins of the superior surface, that is, from the medial end of 
the elevation referred to by Poliak, when the elevation is present. Responses 
diminish somewhat in magnitude as the electrode is moved farther from the 
angle, but the margin of the responsive area is marked by disappearance of 
response within a short distance. The gradient from center of responsive 
area to periphery is, therefore, not gradual, and from periphery to non- 
responsive cortex occurs an abrupt dropping-off of response. This is illus- 
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trated by Fig. 3 and 4, which show, on diagrams of the superior temporal 
gyrus of 2 monkeys, the responses at various points inside and outside of 
the area. In several instances it may be seen that adjacent points (approxi- 
mately 2 mm. apart) give, at one point, marked response, and at the other, 
no response. 

The area of responsive cortex is quite constant from one monkey to an- 
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Fic. 4. Monkey No. 12, left side. A. Fronto-lateral view of brain, showing experimental 
exposure. B. Enlarged view of exposure; black dots indicate points from which responses 
were obtained. C. Enlarged view of area outlined in B, showing photographs of responses 
superimposed at point from which each was elicited. Lower trace in each case is the stimu- 
lus line. 


other, as may be seen in Fig. 5. The angle of the medial and posterior mar- 
gins, at the posterior extremity of the insula, which is the widest point on 
the superior surface, is always the approximate geographic center. The re- 
mainder of the area extends in either direction along the two margins for 
varying distances. It seems probable that if it were possible to place an 
electrode on the medial (vertical) surface of the superior temporal gyrus, 
one would also obtain responses there, since it is evident in most cases that 
the responses reach maximum at the medial border of the superior surface, 
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where the cortex turns to form the inferior vertical wall of the Sylvian fossa, 
opposite the inferior half of the insula. 

No responses were elicited from the anterior half or the lateral-most 
strip of the superior surface of the superior temporal gyrus or from its lateral 
surface. The posterior extremity of the superior surface was also invariably 





Fic. 5. Black-shaded portions indicate extent of responsive cortex in each case. Numbers 
indicate serial number of animal; small letters indicate right or left side. 


silent to acoustic stimulation. This is apparently at variance with the an- 
atomical findings of Poliak who described much more extensive endings of 
acoustic radiations, even to the lateral surface of the gyrus, and particu- 
larly to the posterior extremity. It is not easy to account for this apparent 
discrepancy. If it were possible to demonstrate a gradually diminishing 
magnitude of electrical response from a central maximum to a peripheral 
minimum, it would be easy to correlate magnitude of response with density 
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of innervation, since apparently Poliak’s results indicate such a gradient of 
density of innervation. There is, to be sure, a border of less than maximally 
responding points around the periphery of the projection area, but the dif- 
ference in magnitude of response between that border and the center of the 
area is not great, and two millimeters beyond the border the response drops 
out abruptly. 

Walker states that the small temporal area, which he found to have the 
characteristics of koniocortex, “...is situated on a small elevation to 
which Poliak has previously called attention, and suggested that it might 
be a rudimentary transverse temporal gyrus.”’ In the present study when 
the elevation is present, the medial half, which occupies the angle referred 
to above, is always responsive to click stimulation, whereas the lateral half 
is not. Furthermore, the responsive area nearly always overlaps the eleva- 
tion both posteriorly and anteriorly. Thus, while part of the elevation is 
acoustic, part is not; on the other hand, not all of the acoustic responsive 
area is to be found on the elevation. These facts might indicate doubt that 
Poliak’s elevation is truly a rudimentary transverse temporal gyrus. The 
question is of little importance, but it should be borne in mind that there is 
insufficient evidence to support the usual idea that the acoustic projection 
area is conterminous with Heschl’s convolution. Similar experiments on the 
human brain might well show that there is a similar lack of absolute coin- 
cidence of transverse elevation and responsiveness to acoustic stimulation. 
There is no reason, therefore, to oppose Poliak’s suggestion of homology 
between the transverse elevation of the monkey and the human transverse 
temporal gyrus. 


SUMMARY 


By the method of recording cortical response to click stimulation, the 
acoustic cortex of the monkey has been mapped. The area responsive to 
clicks is the portion of the superior face of the superior temporal gyrus in- 
cluded in the angle between the posterior and medial borders of the gyrus. 
It varies in extent from 8 to 12 mm., and is consistent from one animal to 
another. 
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IN EVERY highly developed sense-organ it is possible to distinguish a primary 
recipient mechanism, adjusted for maximal sensitivity to the adequate 
stimulus, and a secondary ‘‘generator’’ mechanism firing the nerve or perhaps 
ganglion cells directly. The very special problem as to how different forms 
of energy are translated into a physiological stimulus capable of exciting 
the generator mechanism will not be considered in this paper. We shall only 
be dealing with the nature of this secondary mechanism, a problem belonging 
to the general physiology of the special senses. 

At present it is only possible to attack this general problem with the aid 
of hypotheses to be tested experimentally. The hypothesis to be chosen in 
the first instance is one which is suggested by the relatively extensive work 
on the retina. From this work it is known that the simpler the retina or the 
better the isolation of components of the response of complex retinae, the 
more definite the evidence for the conclusion that the generator mechanism 
is a slowly rising potential preceding excitation or inhibition, as the case may 
be (see Adrian and Matthews, 1928, Hartline and Graham, 1932, Hartline, 
1938, Granit, 1933, 1938, Granit and Therman, 1935, Bernhard, 1941). 
There is enough evidence for the reasonableness of this general assumption to 
be found in the exciting properties of “local” potentials in nerve (Hodgkin, 
1938), muscular end-plates (G6épfert and Schaefer, 1936), Eccles, Katz 
and Kuffler, 1941, Eccles and Kuffler, 1941), salivary glands (Langenskidld, 
1941), spinal neurons (Umrath, 1933, Barron and Matthews, 1938) to make 
the earlier results with the retina in no way exceptional. From the point of 
view of neurons and sense-organs, however, the main question is how repeti- 
tive firing is brought about by this potential difference. Thus “‘accommoda- 
tion’’ enters the problem. 

The work on accommodation shows that a non-accommodative nerve 
reacts to a rising current with a stream of impulses (Fessard, 1936, Erlanger 
and Blair, 1936, 1938) much as an adequately stimulated sense-organ would 
do, and that any nerve can be made to acquire such properties e.g. by suit- 
able treatment with citrate or Ca-free Ringer (Solandt, 1935-36, Katz, 1936, 
Lehmann 1937, Schriever and Cebulla, 1938). It then tends to fire spon- 
taneously. The same holds good for ganglions (Bronk, 1939) and sense- 
organs (Matthews, 1931 for muscle-spindle, Talaat, 1933 for sense-organs 
in the skin), many of which discharge spontaneously without having been 
subject to treatment of any kind. We have found (unpublished work) the 
retina also to increase its normal spontaneous activity after treatment with 
citrate-Ringer. 


If sense-organs set up repetitive discharges as a consequence of “‘local”’ 
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potentials arising in them, then the question of breakdown of accommodation 
in nerve in response to slowly rising currents deserves a separate study. 
Beyond the general knowledge that a strong catelectrotonus causes a nerve 
to fire repetitively there is very little information concerning repetitive 
firing in normal vertebrate nerve. Such use of nerve as model sense-organ 
should show to what an extent imitation of the ‘“‘generator” potential imi- 
tates some of the known properties of sensory discharges. Thus, for instance, 
the retina has a long latent period, 10-20 times any possible synaptic delay. 
It can react with excitation or inhibition, gives grouped or otherwise syn- 
chronized discharges, etc. 


METHOD 


For slowly rising currents of different time constants an apparatus built by our physi- 
cist, Mr. T. Helme, was available. The principle of this instrument is a release of an 
initially blocked anode current by charging the grid over condensers. Kahlson and v. 
Werz (1936) among others have utilized this principle before. An improvement in our 
apparatus consists in the use of a suitable resistance connected to the cathode-side of the 
H.T. circuit in order to eliminate deformation of the H.T. current rise owing to the char- 
acteristic of the valve. The form of the rise of the current in the stimulating anode circuit 
was determined oscillographically. In the diagrams plotted below, however, the actual 
rising times have not been used but a factor proportional to the C XR products of the 
condensers charging the grid. The reason for this was our original intention to calculate 
Hill’s constant (Hill, 1936, and below). The stimulating currents remain at the level to 
which they have risen until broken off manually. A description of the technique together 
with observations on the breakdown of accommodation has been given in Swedish by 
Granit and Skoglund (1941). 

Silver-silver chloride electrodes placed in the anode circuit were held to be satisfactory 
on account of the high internal resistance of the H.T. circuit relative to that of the tissue. 
The nerves were stimulated monopolarly through these electrodes. A Lapicque-circuit 
similar to the one used by Solandt (1935-36) for slowly rising stimuli was also available. 

Decerebrate cats, sometimes frogs, were used for work on peripheral nerve. In the 
former case the animals were kept in a heated and shielded box with a cistern of boiling 
water supplying the moist atmosphere needed. A number of experiments were also carried 
out with the retina and optic ganglion of Dytiscus. 

Cathode ray oscillograph and condenser coupled amplifier were used for recording 
from nerve or muscle. 


RESULTS 
1. The index for accommodation measurements 


In 1884 it was shown by von Kries that, as the rate of rise of the stimulus 
decreased, the currents had to be made stronger in order to excite. He also 
plotted curves showing current strength as ordinates against rising time as 
abscissae. Following Hill’s (1936) theory Solandt (1935-36) and Katz (1936) 
plot their results in the same manner but using multiples of rheobasic 
strength as ordinates and a factor proportional to rising times as abscissae. 
As a consequence Hill’s accommodation constant \ appears as the inverse 
value of the slope of these curves which for the short rising times in which 
they were interested were rectilinear. Thus, with little accommodation, } is 
great, the curves approach horizontality, and the nerves even tend to fire 
repetitively (Katz, 1936). Index in these measurements was a threshold 
muscle contraction. 
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In actual practice these measurements may be made in several different 
ways and we also began by using a threshold muscle contraction as index 
and determined the current strength necessary for a given rate of rise. Such 
experiments showed that what we have called “breakdown” of accommoda- 
tion can be demonstrated already by observing the curves obtained in this 
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Fics. 1—4. ““Accommodation curves” for mammalian nerves with threshold muscle 
contraction as index. Abscissae: Rising time of stimulus in msec. (see text). Ordinates: Mul- 
tiples of rheobase. Rheobase unit =1 in all curves, but curves not always continued 
to this unit. Fig. 1: upper curve transected sciatic, lower curve transected peroneal 
nerve. Fig. 2: upper curve, unsevered peroneal nerve, lower curve, n. aurient. magn. Fig. 3: 
A-C: unsevered peroneal nerve, A immediately, B after 4 min., C after 25 min. D-E: 
same nerve severed and electrodes near cut end. Fig. 4: severed sciatic: upper curve 
electrode about 4—5 cm. from cut end, lower curve at cut end. 


manner. Some curves selected from a large number of experiments are given 
below. 

Figure 1 shows two curves for the sciatic and the peroneal nerve, both 
severed, Fig. 2, two intact nerves, n. peroneus and n. auricularis magnus, in 
the latter case with a reflex muscle contraction (pinna reflex) as index. The 
auricular nerve generally gave curves of this type. In Fig. 3 the three upper 
curves (A, B, C) were taken in this order during half an hour with the elec- 
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trode on an intact peroneal nerve. Then the nerve was severed and the elec- 
trodes placed near the cut surface. The curves D and E were obtained. The 
results are typical. Finally, in Fig. 4, a sciatic nerve, sectioned from the 
beginning, was used, but at a relatively late stage, the lower curve showing 
the result of putting the stimulating electrode near the cut end of the nerve. 

According to Hill (1936) and his collaborators, whose interest was re- 
stricted to the early part of these curves, the inverse value of the slope is 
a measure of accommodation. Thus, the more the curves approach hori- 
zontality, the less the capacity of the nerve to accommodate. At the outset 
we shall define complete breakdown of accommodation by taking from the 
diagrams the strength of current at which the curves turn round to become 
horizontal. Beyond this point the nerve responds to any current above the 
strength of this ordinate independently of its rate of rise. In the sample 
curves of Figs. 1-4 breakdown occurs with different degrees of completeness 
and at different strengths in terms of multiples of rheobase. 

A glance at these curves shows that accommodation in mammalian 
nerves is extremely sensitive to interference with the tissue (cf. also Schriever 
1932, Liesse, 1938, a, b for blood supply etc. and frog nerve.) But there 
must also be unknown physiological factors to account for variations which 
certainly are not caused by maltreatment of the nerves. It seemed worth 
while investigating whether such variations had something to do with the 
observation that the muscle contraction was an unsatisfactory index. For 
rapidly rising currents the threshold contraction was brief and precise, but 
with slowly rising stimuli it also became slow, looking then more like a con- 
tracture. Hoffmann in 1910 had already found that the action currents then 
indicated repetitive firing. Schriever and Cebulla (1938) have repeated and 
confirmed these observations using frog’s nerve which apparently in the 
normal state accommodates much better than mammalian nerves. 

In repeating this work with leads to the amplifier from the stimulated 
nerve we found that the index for accommodation was equally uncertain in 
this case. There is no doubt repetitive firing from the nerve (cf. also Rosen- 
blueth, 1941), developed more with slowly rising stimuli, but the question 
as to when and how the breakdown of accommodation takes place, is still un- 
solved, except that it is clear that, as predicted by Hill’s theory (1936), in a 
general manner there is less accommodation when the slope is smaller. But 
it is obvious that the difficulty of deciding whether a brief or a protracted 
muscular contraction should be used as the constant index, necessary for 
obtaining the accommodation curves, is by no means solved by exchanging 
it for the difficulty of deciding what kind of nervous discharge to use as index, 
since the latter also is far from being constant but varies with respect to 
duration, number of spikes and amount of potential. For whole nerve such 
records have been published by Schriever and Cebulla (1938) who also found 
in frog’s nerve the bend of the curve noted by us, although it was not so 
marked. 
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2. Accommodation in motor units 


The next step in the work clearly required some kind of restriction of the 
activity to smaller populations and the simplest method (Skoglund, 1942) 
seemed to be to insert fine electrodes in the muscle. Silver pins in a glass 
tube, drawn out in a flame with the glass to a thin point, were used as dif- 
ferent electrodes (musc. tib. ant., cat) the indifferent electrode being on the 
bone clamped to the myograph drill. The stimulating electrodes were on the 
peripheral stump of the severed sciatic. 

To judge from the literature on “muscle spikes’’ many workers are under the impres- 
sion that small electrodes restrict the discharge to single motor units. But it can easily 
be shown, if a motor nerve be stimulated with a neon-stimulator at different strengths, that 
the seemingly isolated spikes of activity of constant size increase in size within a range of 
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Fic. 5. Spikes recorded with microelectrode in cat’s tid. ant. and stimulating elec- 

trodes on severed sciatic nerve. Time in 1 50 sec. Full description in text. (We regret that 
good films have not been obtainable.) 
10 times or more when the stimuli are strengthened. Obviously therefore synchronized 
activity can throw into action a greater or smaller number of muscle fibres and we have 
no means of deciding by merely relying upon the electrode whether these fibres belong to 
the same motor unit or not. The all-or-none law is no reliable criterion since well syn- 
chronized spikes keep constant for a given current strength. The same holds good for 
recording with concentric needle electrodes (cf. Blake, Pritchard, 1930). Despite this micro- 
electrodes are a definite improvement and some restriction of activity is obtained with 
them. 

With this method one of us (C. R. S.) found that the motor nerve typi- 
cally activates small or large spikes in the muscle (see Fig. 5) and that these 
have different properties with regard to accommodation. His analysis of the 
properties of the “spike patterns’’ will be published separately (Skoglund, 
1942), and we shall here merely discuss breakdown of accommodation in rela- 
tion to this new index of activity. 

Figure 5a shows a single small spike at relative threshold-strength 8 and 
time 10, in fact the first point plotted on the lower curve of Fig. 6. Keeping 
the same spike as constant index this lower curve was traced in the usual 
manner. If at 10 msec. the strength of current was increased, the response 
b of Fig. 5 was obtained. This shows a large spike. The small spike now 
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reacts repetitively. But it is of course also possible to trace an accommoda- 
tion curve with the single large spike as index. This is the upper curve of Fig. 
6. The kind of response obtained for 20 msec. with the large spike at the 
threshold is shown in Fig. 5d. Somewhat below the threshold for the large 
spike, that is at strength 9.5 for 20 msec., only small spikes are seen, and 
there is definite repetitive firing (5c). 

It would be a mistake to believe that only the small spikes are repeated. 
The lower curve of Fig. 5 is from another experiment, in which for 200 msec. 
a large spike appears at the threshold (e). The small spikes are here very 
small. Record f shows a small in- 
crease of current strength, from 35 in 
record e to 40 in f. The large spike 
now has become repetitive. Thus, it 


30 is only necessary to increase current 
strength for a given rate of rise a 
little above the value given by the 

207 ordinate on the accommondation 


curve to find a repetitive discharge in 
the nerve. 











104 — —@ Accepting the result of Skoglund’s 
(1942) analysis, viz. that the differ- 
ence between large and small spikes 
depends upon the degree of ‘“‘grouped 

0 50 100 300 4 action” of the stimulated fibres, we 
: is , .. .., have now to reconsider repetitive 
Fic. 6. ““Accommodation curves’ with 


(lower curve) small spike (a in Fig. 5) and firing and the breakdown of accom- 





(upper curve) large spike (b in Fig. 5) as 
index. Abscissae as in Fig. 1—4. Ordinates: 
relative current strength (not multiples of 
rheobase) in order to show relative thresh- 


old. 


modation from this point of view. It 
is clear that in general repetitive 
firing takes place in the region above 
the accommodation curve, provided 





that relatively slowly rising stimuli 
be used. This proviso is necessary because with strong and rapidly rising 
stimuli there is an alternative to repetitive firing in the possibility of grouped 
action, or, rather, increased degree of grouped action, the small spikes prob- 
ably also being due to smaller groups. The consequence of this alternative is 
that it is possible to plot a new and steeper accommodation curve for the 
grouped fibres with consequent smaller value for \. Breakdown of accommo- 
dation as well as accommodation itself is therefore influenced by the manner 
in which the fibres co-operate. 

The new “‘constant”’ \ which, as we now may suggest, is constant only 
for relatively brief rising times means that the grouped fibres resist break- 
down better than relatively isolated elements,—a conclusion with many 
significant consequences, among them that the theoretically correct value 
for \ with mammalian nerves can be obtained only with isolated fibres under 
the electrodes.—From the point of view of sense-organs we must conclude 
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that an end-organ, developing generator potential, has a much better chance of 
causing breakdown than any electrical stimulus over a group of elements. It has 
a chance of exciting a single axon in a highly adequate manner by electrotonic 
spread designed to minimize accommodative resistance. 

Returning now to the curves of Fig. 1-4, obtained in the usual manner 
with a threshold muscle contraction as index, it is clear that the variability 
which is so obvious a feature of such measurements to a large extent must 
be due to the uncertainty of the index which in turn also depends upon the 
degree of ‘‘grouped action,” a factor so far definable only with respect to the 
strength of the stimulus but probably influenced by a number of other 
variables, among them temperature, maltreatment of the nerve etc. Thus, 
it is reasonable to suggest that, when in Fig. 3 a shift of the stimulating 
electrodes to the cut end of the nerve leads to steeper initial rise of the curves 
followed by sudden breakdown of accommodation, the cause behind this 
change is, that grouped action with consequent steeper rise is favoured by 
the injury potential but that at the same time the strength of catelectro- 
tonus necessary for complete breakdown has decreased. 

This raises the question as to what extent the breakdown obtained with 
mammalian nerves is a normal phenomenon. The small and large spikes, 
forming a whole “‘spike spectrum” and the main phenomena are certainly 
obtained also with unsevered nerve, just isolated and put on the electrodes. 
But there is no doubt but that breakdown of accommodation and small 
slopes of the curves are favoured by a departure of the nerve from “normal- 
ity.” 

3. Definition of breakdown of accommodation 

In the discussion following upon the publication of Hill’s theory (1936) 
it has been emphasized by M. and L. Lapicque (1937, a, b, 1938) that the 
autorhythmic activity of nerve may have complicated measurements of 
accommodation, particularly in citrated-nerve, and that stimuli of long dura- 
tion alter the state of the tissue. The latter objection need not be true. If 
care be taken to preserve an accurate index of accommodation the curves 
obtained with mammalian nerves are constant for hours. 

But the rhythmic activity does introduce complications (cf. v. Kries, 
1884, Hoffmann, 1910, Schriever and Cebulla, 1938) inasmuch as it com- 
plicates evaluation of the index, and probably, as held by Fabre (1931, 
1936), represents a physicochemical system with properties very different 
from those tested by the usual shock technique. It is no exaggeration to state 
that this latter technique, as applied to whole nerve and muscle, has served 
to keep the facts connected with repetitive firing out of focus. 

From the point of view of the problem ‘generator potential-repetitively 
firing axon,”’ so clearly raised by all the work on the retina (cf. particularly 
Bernhard, 1941), the breakdown of accommodation in nerve is of interest as 
a model. Its definition by the aid of our results is based on the change of 
slope of a curve which as a whole serves to characterize these properties of 
the excitable tissue. The inverse value of the initial part, Hill’s constant \, 
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may still serve as a useful approach to many problems as it has done to our 
own work. Looking very generally upon accommodation as a process tending 
to counteract the effect of a maintained stimulus, our curves mean that this 
process, so to speak, breaks down during the time the stimulus is applied, 
provided that it has reached a certain level of strength, and that finally there 
is so little accommodation left that the stimulus always excites, no matter 
how slowly it reaches this level. The slope of the curve then becomes hori- 
zontal. By following our curves far enough we reach the point when cat- 
electrotonus excites independently of and not counteracted by accommoda- 
tion. Above our curves lies the region of repetitive firing of the particular 
single unit or grouped unit concerned. We do not believe ourselves that 
spikes of the small type represent single fibres. 


4. Inhibition 


In looking for a model reproducing retinal inhibition it has been neces- 
sary to discard the idea that it could be explained as a subnormal phase ac- 
cording to Gasser (in Erlanger and 
Gasser, 1937). In 1935 Granit and 
100 5 Therman showed that inhibition of 
the discharge in the optic nerve is 
preceded by a slow potential belong- 
ing to the component PIII of the 
505 retinal response. This result was sub- 

sequently confirmed by Hartline 

(1938). A full discussion of retinal in- 

hibition is found in a summary by 

= 2 . © 2S Granit (1938). Since then Therman 
(1938) has shown that the retinal 

Fic. 7. Frequency of discharge in frog’s component does not agree with sub- 








nerve following removal of anelectrotonic litv b f th h ical 
block. Abscissae: time in sec. Ordinates; MO?Matty b y any oO , ec eer 
frequency per sec. tests selectively influencing the posi- 


tive after-potential. Bernhard and 
Skoglund (1941) have found that alcohol selectively diminishes the negative 
component PIII and that at the same time inhibition also diminishes. The 
connexion between PIII and inhibition has thus been confirmed. This does 
not necessarily mean that PIII could be excluded as factor causing excita- 
tion. This potential precedes PII at both “on” and ‘“‘off’’ as we have now 
definitely proved (Bernhard, unpublished work). 

If PIII were an anelectrotonic state developing during illumination, 
then the off-effect could be regarded as the consequence of the release of 
anelectrotonus which during illumination had piled up inhibition influencing 
certain retinal neurons. Our model would then be an anelectrotonic block. 
Actually, after an anelectrotonic block across a frog’s nerve, the impulse 
frequency of the ensuing discharge often follows a curve of the type given 
by the retinal off-effect. Fhis is shown in the example of Fig. 7. 
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On the other hand, it is known that a sufficiently strong catelectrotonus 
also may block nerve fibres (see e.g. Bugnard and Hill, 1935). In our experi- 
ments catelectrotonic inhibition has often been seen when for some reason 
or other the nerve fires spontaneously as in the record of Fig. 8. Here the dis- 
charge is inhibited by a catelectrotonus. The component PIII could also 
just as well be imitated by this model. It is known that the retina is op- 
positely influenced by opposite polarizing potentials across it (Granit and 
Helme, 1939). At the moment it is hardly necessary to go beyond the general 
hypothesis that a generator potential, capable of causing excitation, may 
also be capable of causing inhibition. Below we shall show that the same 
polarizing current gives excitation or inhibition in the optic ganglion of 
Dytiscus depending upon whether it is silent or discharges spontaneously 
at the time of applying the current. 


5. Latent period and adaptation 


Both phenomena are reproduced by the model. The slower the rise of the 
current the later the initiation of the iterative discharge. This follows directly 
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Fic. 8. Spontaneous discharge (a) in cat’s tib. ant. muscle. Catelectrotonus on sciatic 
nerve leading to an outburst of muscle spikes followed by inhibition for the time the 
stimulus remains on. Afterwards (b) renewal of spontaneous discharge. 


from the fact that a certain minimal strength of current is necessary for it, 
and that it is possible, by delaying the rate of rise of the current, to postpone 
the moment at which this level of excitation is reached. When passing be- 
yond the strength of current necessary for iterative firing anywhere above 
the accommodation curve, it is seen that iterative firing does not continue 
indefinitely but stops after some time (Skoglund, 1942). There is thus a 
parallel to adaptation, which, of course, in addition may be determined by 
the properties of the primary mechanism which precedes the generator 
potential of the end-organ. 


6. Application of model to eye of Dytiscus 

The primary visual cells of both vertebrate and invertebrate eyes are 
homologous and have been carried through the whole progress of evolution 
(Kappers, Huber, and Crosby, 1936). In the water-beetle Bernhard’s recent 
work (1941) has shown that the visual cells easily can be separated from the 
optic ganglion lying behind them and that the isolated retina gives a large 
smooth action potential reminiscent of the simple response of Limulus ( Hart- 
line, 1928, Hartline and Graham, 1932), and preceding the discharge in the 
nerve. If the ganglion is included spikes or synchronized waves appear on the 
response (cf. Adrian, 1932, 1937). 
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Where in this sense-organ are impulses generated? In order to answer 
this question we attempted to record from various parts of the retina by 
means of microelectrodes, e.g. through openings in the chitinous cover 
of the lenses and from behind. But from nowhere in the retina can any trace 
of impulses be obtained, not even if the microelectrode is forced in between 
optic ganglion and retina with tip towards the latter. In contradistinction to 
this stands the fact that impulses are obtained practically everywhere from 
the ganglion or on the optic nerve emanating from it. 

From the work of Granit and Therman (1938) and that of Bernhard 
(1940, 1941) we know that the large potential difference developing across 
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Fic. 9. Eye of Dytiscus. la, whole eye illuminated, optic nerve. 1b, isolated silent 
ganglion stimulated cathodally (at artefact). 2a, activity in isolated spontaneously active 
optic ganglion inhibited by cathodal stimulation, 2b, removal of catelectrotonus, 2c, d, e, 
f, gradually recovering spontaneous discharge. 3a, silent isolated optic ganglion stimulated 


anodally, 3b, gradual diminution of frequency, 3c, removal of anelectronus. All records 


taken with small metal electrodes. Time in } sec. 


the retina upon illumination is carried down electrotonically to and over the 
ganglion. On our hypothesis this would serve as generator mechanism for 
impulses, provided that the threshold for breakdown of accommodation 
were low. That this must be the case is shown by the tendency of the eye to 
discharge spontaneously. Fig. 9 shows an experiment with a cathode or anode 
on the ganglion isolated in air and the other electrode on the supracesopha- 
geal ganglion. Microelectrodes are used for picking up the impulses from 
the ganglion. 

First follows a control with illumination (1a) showing that the retina was 
alive before isolated from its ganglion. There is a small spontaneous dis- 
charge before illumination sets in. After separation from the retina the optic 
ganglion is stimulated cathodally with anode on the supraoesophageal gan- 
glion. This leads to a discharge (1b). Record 2a shows another spontaneously 
active ganglion. Cathodal stimulation in this case immediately blocks the 
discharge which slowly reappears when the current is cut off (2b, c, d, e). 
Finally anodal stimulation (3a) is applied onto another isolated optic gan- 
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glion which was silent from the start but began to discharge upon stimulation. 
This discharge gradually diminished and did not reappear when the stimulus 
was removed (3c). 

Now a preparation of this type consisting of ganglion cells surrounding a 
bundle of nerves emanating at one end as an optic nerve cannot be precisely 
stimulated anodally or cathodally. But the experiments nervertheless show 
that in both cases both inhibitory and excitatory effects were obtained. The 
only rule observed was the one illustrated, viz. that silent ganglions began to 
discharge and active ones were inhibited by the polarizing current. 

Actually in this eye both effects are also observed by stimulation with 
light. When the ‘“‘generator” potential develops across the visual cells upon 
illumination, there follows a heavy outburst of impulses which instantane- 
ously stops at “‘off.’’ But if the preparation is discharging spontaneously it 
can be seen that the drop of potential at “‘off”’ leads to an additional slow 
potential from the ganglion accompanied by a temporary inhibition of the 
spontaneous discharge (Bernhard, 1941). It is therefore possible that the 
abrupt stop of the normal discharge following cessation of illumination also 
is brought about by active inhibition. 

These experiments together with those of Bernhard (1941b) show: (i) 
the sensory cells themselves develop only generator potential but no im- 
pulses, (ii) the generator potential is carried down electrotonically to the 
optic ganglion, where both a slow stationary potential difference as well as 
an impulse discharge is initiated, (iii) in some cases inhibition turns up 
instead of excitation, and (iv) these phenomena all can be imitated by 
polarizing currents (cf. also Granit and Helme, 1939). Whether the large 
potential difference across the sensory cells initiates impulses directly or via 
the slow potential in the ganglion cells (Bernhard, 1941), cannot be discussed 
without further experimentation. 

Other sense-organs may be working on the same principles, unless so 
primitive that breakdown of accommodation takes place directly in free 
thin nerve-endings influenced by changes in ion balance or the concentration 
of surface-active substances released around them. (e.g. pain). 


SUMMARY 


The work described serves the twofold aim of clarifying some elementary 
questions regarding accommodation in nerve relative to repetitive firing and 
of finding out to what extent a nerve discharging repetitively in response to 
slowly rising electrical stimuli can serve as model sense-organ. 

“Accommodation curves” obtained by plotting rising time of the stimu- 
lus (to a motor nerve) as abscissae against multiples of rheobase as ordinates 
for a constant effect show that a muscle contraction or a discharge from 
whole nerve are unsuitable as indicators for the constant effect. 

Nevertheless, also with this effect as index, it is clear that for slowly rising 
stimuli the nerves may cease to accommodate, that is, that breakdown of 
accommodation takes place. 
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In order to obtain a better defined index, microelectrodes were inserted 
in the muscle and isolated spikes, elicited by stimulation of the motor nerve 
with slowly rising currents, are used as the constant index necessary for 
measuring accommodation correctly. 

Breakdown of accommodation is shown to take place also with this index 
and is redefined in terms of the properties of single spikes. It is shown that 
“grouped activity” in which several fibres fire synchronously is an alterna- 
tive to breakdown or accommodation and that the accommodation curves 
are determined by the degree of interaction of the stimulated fibres. 

In the region above the accommodation curves the nerves fire repeti- 
tively. 

Not only anodal but also cathodal polarization caused by the slowly 
rising stimuli is capable of inhibiting a spontaneous discharge in the nerve. 

The significance of these results is discussed from the point of view of 
nerve as model sense-organ on the assumption that a slow “generator 
potential’’ is the mechanism which in sensory end-organs fires the axon re- 
petitively. 

Application of the model to the retina and optic ganglion of Dytiscus 
shows that both excitation and inhibition may be obtained by anodal and 
cathodal polarization of the ganglion and that no impulses but only a slow 
potential is generated within the isolated retina of this animal. A silent iso- 
lated optic ganglion is excited, and a spontaneously firing one, inhibited by 
the polarizing current. 


The authors are indebted to The Rockefeller Foundation for support of this work. 
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INTRODUCTION 


THE ANATOMICAL observations of Le Gros Clark (1, 2) and Walker (8) have 
demonstrated the course and termination in the primate thalamus of the 
fibers of the medial lemniscus and dentato-rubro-thalamic tract. These 
tracts constitute separate afferent pathways which end discretely in the 
latero-ventral nucleus of the thalamus whence they are relayed to the 
cortical post and pre-central areas respectively. While both systems are 
known to carry proprioceptive impulses, the functional relationship of the 
fillet and the cerebellar projection to the thalamus has not been established. 
In the present paper an attempt was made to study the alterations in the 
proprioceptive skill and weight discriminatory ability of chimpanzees and 
monkeys following interruption of these tracts and to compare the resulting 
deficit with that observed after lesions at other sensory levels of the central 
nervous system. 
METHOD 


In two chimpanzees and eight Macaca mulatta the left medial lemniscus was sectioned 
at the level of the inferior colliculus, just rostral to the decussation of the brachium 
conjunctivum. In two mangabeys, Cercocebus torquatus atys, the superior cerebellar 
peduncle bearing the dentato-thalamic fibers was severed. In one chimpanzee and several 
of the macaques with interruption of the mesial fillet, the ascending dentato-rubrothalmic 
tract was also involved. All operations were carried out under sodium amytal anaes- 
thesia with sterile technique and the animals were observed for periods ranging from three 
weeks to eighteen months. 

The chimpanzees, mangabeys, and one macaque, ““Dynamite,”’ were trained to dis- 
criminate weights according to the technique described by Ruch (6,7). Pre- and postoperative 
limens and comparison of the normal and affected limbs after operation, afforded a quanti- 
tative index of this proprioceptive function. Clinical observations of running, climbing and 
cage activities as feeding and grooming, furnished valuable indications of the measure of 
proprioceptive skill. Placing and hopping reactions were studied in all of the monkeys, as 
was the “‘voluntary”’ grasp response to the placing of the examiner’s finger in the animal’s 
hand or foot. Observations were also made of changes in motor power, resistance to passive 
motion, reactions to thermal and painful stimuli, pupillary changes and disturbance of 
piloerection. 

All operative lesions were verified by histological examination. The Weil and Nissl 
methods were employed in most cases. Four monkeys were sacrificed at the end of 21 days 
for study of Marchi degeneration. 


OBSERVATIONS 


The principal observations are covered in the following protocols. Experiment 14. Sec- 
tion of left medial lemniscus and lateral spinothalamic tracts. Sparing of dentato-thalamic fibers. 
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Persistent hemianalgesia. Marked initial defect in proprioceptive function which rapidly im- 
proved. Ability to discriminate weights normal two months after operation (Alice). 

The subject of this experiment was a healthy, docile young female chimpanzee. 

First operation: On August 3, 1939, under sodium amytal anaesthesia, the left mesial 
lemniscus was severed at the level of the inferior colliculus. The temporal lobe was ele- 
vated, the cisterna ambiens opened, and a stab made just dorsal to the groove separating 
the cerebral peduncle from the tectum mesencephali. 

Postoperative notes: On the first postoperative day the chimpanzee was able to move 
its right limbs slightly, but could not grasp. The right extremities could be placed by the 
examiner in any awkward position, without the animal correcting the abnormal posture. 
The deep reflexes were not increased and there was no Babinski. The animal did not re- 
spond to pinprick over the entire right side of the body and face, while a much more gentle 
stimulation on the left caused vocalization and prompt withdrawal. Examination of the 
cranial nerves showed the corneal reflexes to be present bilaterally, but somewhat dimin- 
ished on the right. The left pupil was larger than the right and there was an apparent right 
sided hemianopia. There was a horizontal nystagmus with the quick phase to the left. A 
slight supranuclear facial weakness was seen. In the next few days the hemianopia, nystag- 
mus and facial weakness disappeared. The sensory deficit persisted, while there was a rapid 
return of motor power. The right limbs were moved well, but were of little use in feeding 
and climbing, apparently due to a loss of touch and position sense. The chimpanzee was 
able to walk but did so with a characteristic high stepping of the affected extremities. 
There was still no response to pinprick and pinching of the right side. No change in re- 
sistance to passive motion of the limbs was noted. 

The subsequent three weeks saw a progressive return of proprioceptive function. The 
animal grasped with either hand. It could, one month postoperatively, manipulate even a 
small bit of peanut in acceptable fashion. Gait still showed a slightly higher stepping with 
the right leg. The animal was fond of trying to slip a key into a lock and regained its skill 
at this. Six weeks after operation, training in weight discrimination was resumed and the 
animal soon performed at the preoperative level. 

The animal died on January 11, 1940 after an attempt to add to the proprioceptive 
deficit by sectioning the right superior cerebellar peduncle. The brain stem was sectioned 
seriaily and studied by the Weigert and Niss] methods. At the level of the inferior colliculus, 
the left mesial fillet was sectioned except for the narrow mesial tip; the left lateral spino- 
thalamic tract was completely interrupted. There was a slight amount of damage to the 
brachium conjunctivum at the rostral part of the decussation. The pyramids were spared. 
There was also injury to a few of the fibers of the left third nerve. In sections up through 
the level of the red nucleus, the left medial meniscus was seen to be completely demye- 
linated. 

Experiment 15. Section of left medial meniscus and ascending dentato-rubro-thalamic 
fibers. Intention tremor of left arm. Permanent deficiency in proprioceptive skill and ability to 
discriminate weights. Slight right hemihypalgesia. (Johnnie.) 

The subject of this experiment was a playful young male chimpanzee. 

First operation: On August 7, 1939, a left-sided, mid-brain tractotomy was attempted. 
The following day, it was apparent that the ascending sensory tracts had not been inter- 
rupted as the animal used both hands well and responded promptly to pinprick stimula- 
tion. Accordingly, the chimpanzee was reoperated. 

Second operation. On August 11, 1939, under sodium amytal anaesthesia, the flap was 
reopened and the stab in the midbrain exposed and enlarged to a depth of 10-11 mm. The 
animal withstood this second procedure excellently. 

Postoperative notes. On the first postoperative day, the right limbs hung limply, with 
diminished resistance to passive movement, though the animal was able to use them to 
some extent as a support. In attempting to walk, it tended to drag the affected extremities 
along after it. Voluntary grasp was absent in the right hand and abnormal postures were 
not corrected. The rest of the sensory status was difficult to evaluate. The chimpanzee was 
frequently seen to scratch the right side of its body as if there were some paresthesia. 
Pricking the right limbs with a pin resulted in a delayed response, while several seconds 
after the application of the stimulus the animal would rub the affected spot. On the left 
side there was prompt withdrawal to any noxious stimulation. 

The disability of the right limbs persisted, though it was evident that this impairment 
was not due to motor weakness as the animal moved all four limbs well. In resisting dis- 
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agreeable procedures, as a scrubbing for a skin infection, it struggled powerfully. On Sep- 
tember 13, 1939, one month after the second operation, the following note was made: 
“There is marked disability of the right limbs. The animal is able walk and climb about 
the cage but the right limbs are of little assistance. In walking, the right upper extremity 
is carried in flexion at the elbow, the hand swings flail-like at the wrist, while the right 
lower limb is raised high in an exaggerated stepping. In climbing, the subject repeatedly 
misses its footing with the affected hand and foot. It gets into awkward positions with the 
right leg bent back behind it. It does not take food with the right hand or grip the ex- 
aminer’s fingers. In attempting these acts, an intention tremor of large amplitude is 
present. There appears to be diminished resistance to passive motion in the right limbs. 
The animal apparently perceives thermal and painful stimuli over the right side of the 
body, though the responses are diminished compared to the left. The spinothalamic sensory 
deficit is not as severe as in chimpanzee Alice. The withdrawal movements illustrate the 
good motor power of the right limbs. The knee jerks are lively and active. The left pupil 
is larger than the right.” 

The animal was disinclined to use the right limbs but when forced to do so began to 
show a slight improvement. It became able to grasp and could clumsily convey food to its 
mouth, but could not manipulate small objects as a peanut kernel, with which it would 
fumble. The intention tremor persisted. 

Preoperative training had resulted in the chimpanzee discriminating a 40 per cent 
weight difference 98 per cent correctly, and a 20 per cent weight difference with a score of 
92 per cent. One month after the operative procedure, Johnnie was only 60 per cent cor. 
rect at a 40 per cent weight difference, and at a 30 per cent difference gave a 50 per cent 
score. Despite the intention tremor and the clumsiness, it was able to effectively grasp the 
cannisters containing the weights, so that the motor disability was not responsible for the 
defect. 

Experiment 21. Section of left superior cerebellar peduncle. Marked intention tremor 
and ataxia of left hand. No loss of manipulative skill and ability to discriminate weights. Plac- 
ing and hopping reactions retained. 

The subject of this experiment was a male sooty mangabey (Cercocebus torquatus atys) 
weighing 3400 grams. 

First operation. On October 31, 1939, under sodium amytal anaesthesia, the left 
superior cerebellar peduncle was severed. The cisterna ambiens was opened and the 
peduncle cut as it entered the brain stem. 

On the first postoperative day, the animal did not use the contralateral (right ex- 
tremities) which were dragged about the cage. There was a severe intention tremor and 
ataxia of the homolateral left upper limb. When the animal attempted to convey food to 
its mouth with the left hand, it would often hit itself in the right eye. When the left arm 
was supported, however, the monkey was able to pick up small objects and manipulate 
them quite well. 

A right-sided visual field defect was present. This cleared up along with the right 
hemiparesis after two or three days. A progress note of November 7th read ‘“The severe 
left-sided ataxia, dysmetria and intention tremor persist. In running, the left limbs swing 
wildly. Placing and hopping reactions are present bilaterally. The animal uses the right 
limbs to hold the left hand and control the tremor. When this is done it is seen that the 
monkey is able to manipulate bits of food in acceptable fashion. Training in weight dis- 
crimination was resumed one month after operation. Despite the ataxia and intention 
tremor, there was no change from the preoperative level.”’ 


SECTION OF MEDIAL LEMNISCUS IN MONKEYS 


In the macaques, the following observations were made after section of 
the left medial lemniscus at the midbrain level. 

On the day after operation, the monkey sat in its cage with its head in- 
clined to the right, the chin slightly rotated to the left. There was a transi- 
tory rotary nystagmus, which with the abnormal head posture cleared up in 
two or three days. The limbs contralateral to the lesion hung limply with 
obviously complete loss of propioceptive function. The affected arm and 
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leg fell into awkward postures or became entangled in the wire mesh of the 
cage without any attempt at correction. 

On the fifth postoperative day, the animal was released from the cage 
and allowed to run down a long corridor. Here a right sided visual field defect 
was apparent as the monkey repeatedly collided with the right wall. There 
was a characteristic, high stepping, galloping gait in which the right limbs 
were flung in a high arc. Climbing was performed poorly, the animal missing 
its perch with the right limbs. This clumsiness was best observed when the 
left normal limbs were restrained and the animal forced to feed itself with 
the right hand. The monkey would have great difficulty in grasping even a 
large morsel, fumbling, and being quite unable to manipulate it. This dis- 
ability could not be attributed to weakness, as there was good power in the 
affected limbs as observed when the animal struggled to free itself from re- 
straint. 

The degree of recovery in the affected limbs after section of the mesial 
fillet appeared to depend, as in the chimpanzees, on the extent of the addi- 
tional involvement of ascending dentato-thalamic fibers. In the macaques 
in whom there had been no damage or only slight implication of the brachium 
conjunctivum, there was a rapid return of function, so that three weeks after 
operation, only a slight proprioceptive defect remained. There was some 
disinclination to use the affected extremities with a tendency to overstepping 
still noticeable in the gait. The animals climbed well, though the surefooted 
scampering and abandon of the normal macaque had given way to a degree 
of caution. The animal carried food to its mouth easily without ataxia of the 
involved hand, though when its attention was turned elsewhere, the monkey 
would occasionally drop the morsel it was holding. Grooming activities were 
performed deftly and while there was difficulty in manipulating very small 
bits of peanut, whole kernels were scooped up well. 

After complete section of the fillet, placing and hopping reactions were 
permanently absent in the contralateral limbs whether or not the dentato- 
thalamic fibers were also involved. “Voluntary” grasp, as distinguished from 
forced grasping, such as follows lesions of the premotor cortex, was also 
absent in the affected limbs. When the examiner’s finger was placed in the 
animal’s hand it responded by grasping only on the normal side. The re- 
tention or loss of the placing and hopping and grasp reflexes proved to be a 
valuable clinical index of the completeness of the procedure interrupting the 
mesial fillet. 

The stab severing the lemniscus also destroyed lateral reticular substance 
in the midbrain. This interruption of descending autonomic pathways was 
manifested clinically by the development of a homolateral piloparalysis. 
This appeared from one to four months after the operation. When the animal 
was chased or otherwise frightened, the hair on the opposite side of the body 
ruffed up while that on the homolateral side remained flat with a sharp mid- 
line demarcation. Horner’s syndrome was never observed in either chim- 


PROPRIOCEPTIVE FUNCTIONS OF PRIMATES 73 


panzees or monkeys. The pupil on the operated side was generally larger, 
due presumably to injury to third nerve fibers. 


DISCUSSION 


The findings show that in chimpanzees and monkeys a considerable de- 
gree of skill in weight discrimination and general propioceptive ability may 
be regained after section of the contralateral medial lemniscus. This is sur- 
prising because the fillet is regarded as the great afferent pathway carrying 
proprioceptive impulses from the gracile and cuneate nucleii to the thalamus. 
That such recovery of function may be mediated through the dentato- 
rubro-thalamic tract is suggested by the fact that when the operative lesion 
involved both the fillet and the adjacent crossed fibers of the brachium con- 
junctivum little improvement ensued. Despite the large projections received 
from the posterior columns, it is generally accepted that the cerebellum sub- 
serves only unconscious proprioceptive adjustments. Even with large cere- 
bellar defects in man, conscious proprioceptive sensation remains intact 
and Holmes (4) found no disturbance in the faculty of appreciating and dis- 
criminating weights in patients with cerebellar injuries. Similarly in our 
own experiments, primary section of the superior cerebellar peduncle pro- 
duced no diminution in the ability of monkeys to discriminate weights even 
though the performance was handicapped by ataxia and intention tremor. It 
would appear that cerebellar fibers are concerned in the maintenance of the 
function of weight discrimination and may compensate after interruption of 
the pathway normally mediating conscious proprioceptive impulses. 

Clark (1) and Walker (8) have pointed out the close anatomic association 
of the medial lemniscus and dentato-rubro-thalamic tracts. They constitute 
separate fiber systems which terminate in close juxtaposition but discretely 
in the latero-ventral thalamic nucleus. Ferraro and Barrera (3) have recog- 
nized the physiological significance of this dual proprioceptive system at a 
lower afferent level. These authors found that in monkeys, greater disability 
was produced by sectioning the fasciculus cuneatus than by destroying the 
nucleus cuneatus. This was explained by the fact that the interruption of 
the column cut off fibers destined for both the cerebellum and mesial fillet 
while the nuclear lesion involved only fillet connections and spared the cere- 
bellar fibers. 

It is also of interest to compare the findings with those observed after 
cortical lesions. It has been demonstrated (1, 2, 8) that there is a double 
projection of thalamic-cortical fibers. The area of the latero-ventral thalamic 
nucleus that receives the fibers of the medial lemniscus is the source of the 
relay to the postcentral gyrus, while the region of the ending of the cerebellar 
fibers sends impulses to the precentral area. With lesions of the frontal 
lobe in man (8), retrograde degeneration occurred in the contralateral den- 
tate nucleus. Studies from this laboratory (6, 7) have shown that the post- 
central gyrus may be removed in primates without lasting impairment in 
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the ability to discriminate weights or degrees of roughness. Even after abla- 
tion of the parietal lobe in monkeys and chimpanzees, a considerable degree 
of function could be regained with sufficient lapse of time and retraining. 
The failure of postcentral ablation to produce a significant deficit, corre- 
sponds to the result of medial lemniscus section, and bears out Head’s 
dictum that the thalamus does not play a major role in the recovery of 
proprioceptive function after parietal lesions. Parietal lobectomy is some- 
what more effective in producing a deficit than mesial fillet interruption. 
This is explicable on the grounds that the posterior parietal lobule is in 
communication with both ascending sensory systems (Ruch, personal com- 
munication). It is likely then, that fibers of cerebellar origin may subserve 
the recovery of proprioceptive function following parietal lesions as they do 
at lower levels of the central nervous system. 


CONCLUSIONS 


1. Section of the medial lemniscus in monkeys and chimpanzees did not 
produce an enduring loss of proprioceptive skill in the ability of trained ani- 
mals to discriminate weights. 

2. Primary section of the superior cerebellar peduncle carrying dentato- 
thalamic fibers produced no significant alteration in weight discrimination. 

3. When lesions of the medial lemniscus also involved the crossed 
dentato-rubro-thalamic tract, there was a marked permanent loss in general 
proprioceptive function and the ability to discriminate weights. 

4. It is suggested that the cerebellar projections to the thalamus may 
subserve the recovery of proprioceptive function following interruption of 


the medial lemniscus. 
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StuDIEs of the activities of individual respiratory motor neurones by Adrian 
and Bronk (1928), Bronk and Ferguson (1935) and Gesell, Atkinson and 
Brown (1941) have shown that inspiratory activity in both phrenic and 
intercostal motor units is graded in three ways: by variation in the fre- 
quency of discharge of the several motor units; by variation in the numbers 
of motor units active; and by duration of activity of motor units. From these 
studies certain inferences have been made as to the nature of the discharge 
of neurones making up the respiratory center, though of course these neu- 
rones lie one or more levels upstream from the ones whose behavior was 
actually characterized. The localization of the respiratory center, and its 
differentiation into inspiratory and expiratory divisions (Pitts, Magoun and 
Ranson, 1939a; Beaton and Magoun, 1941; Pitts, 1941) make possible a 
study of the behavior of respiratory motor neurones under controlled excita- 
tion of the centers. The hope that such a study would add further to an 
understanding of the functions of the respiratory center and the respiratory 
motor neurones as well, prompted the present investigation. 


METHODS 


Our experiments have been performed on cats anaesthetized with 30 mg. per kg. of 
nembutal intravenously, supplemented as needed with additional small doses. All studies 
have been made on units dissected from the third cervical root of the phrenic nerve. If a 
sufficient length of nerve could be exposed, the fourth root was spared, otherwise it was 
sacrificed. The nerve was carefully and repeatedly split until only one or two fibers re- 
mained active within the strand under observation. Potentials were amplified by a con- 
denser coupled amplifier and recorded on bromide paper with a G. E. mirror oscillograph. 
The animal was maintained in a warmed and humidified shielding box. The respiratory cen- 
ter was stimulated through bipolar nc edle electrodes oriented in the Horsley-Clarke stereo- 
taxic instrument, the stimuli being brief repetitive condenser discharges (time constant 
approximately 0.1 msec.), independently variable as to frequency and intensity. Respira- 
tion was recorded by a light rubber optical tambour recording pressure changes within a 
five gallon bottle connected through a soda lime tube to the tracheal cannula. The system 
was filled with oxygen and except during the taking of records was constantly replenished 
by opening to a rubber bag oxygen reservoir. 


RESULTS 


Nature of phrenic neurone activity 


During the inspiratory phase of eupneic respiration, phrenic neurones 
respond repetitively with a slowly augmenting frequency of discharge, 
which suffers sudden decrement as expiration begins. A certain number of 
neurones are active throughout the inspiratory cycle, as is the neurone of 
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the ability to discriminate weights or degrees of roughness. Even after abla- 
tion of the parietal lobe in monkeys and chimpanzees, a considerable degree 
of function could be regained with sufficient lapse of time and retraining. 
The failure of postcentral ablation to produce a significant deficit, corre- 
sponds to the result of medial lemniscus section, and bears out Head’s 
dictum that the thalamus does not play a major role in the recovery of 
proprioceptive function after parietal lesions. Parietal lobectomy is some- 
what more effective in producing a deficit than mesial fillet interruption. 
This is explicable on the grounds that the posterior parietal lobule is in 
communication with both ascending sensory systems (Ruch, personal com- 
munication). It is likely then, that fibers of cerebellar origin may subserve 
the recovery of proprioceptive function following parietal lesions as they do 
at lower levels of the central nervous system. 


CONCLUSIONS 


1. Section of the medial lemniscus in monkeys and chimpanzees did not 
produce an enduring loss of proprioceptive skill in the ability of trained ani- 
mals to discriminate weights. 

2. Primary section of the superior cerebellar peduncle carrying dentato- 
thalamic fibers produced no significant alteration in weight discrimination. 

3. When lesions of the medial lemniscus also involved the crossed 
dentato-rubro-thalamic tract, there was a marked permanent loss in general 
proprioceptive function and the ability to discriminate weights. 

4. It is suggested that the cerebellar projections to the thalamus may 
subserve the recovery of proprioceptive function following interruption of 


the medial lemniscus. 
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StrupIiEs of the activities of individual respiratory motor neurones by Adrian 
and Bronk (1928), Bronk and Ferguson (1935) and Gesell, Atkinson and 
Brown (1941) have shown that inspiratory activity in both phrenic and 
intercostal motor units is graded in three ways: by variation in the fre- 
quency of discharge of the several motor units; by variation in the numbers 
of motor units active; and by duration of activity of motor units. From these 
studies certain inferences have been made as to the nature of the discharge 
of neurones making up the respiratory center, though of course these neu- 
rones lie one or more levels upstream from the ones whose behavior was 
actually characterized. The localization of the respiratory center, and its 
differentiation into inspiratory and expiratory divisions (Pitts, Magoun and 
Ranson, 1939a; Beaton and Magoun, 1941; Pitts, 1941) make possible a 
study of the behavior of respiratory motor neurones under controlled excita- 
tion of the centers. The hope that such a study would add further to an 
understanding of the functions of the respiratory center and the respiratory 
motor neurones as well, prompted the present investigation. 


METHODS 


Our experiments have been performed on cats anaesthetized with 30 mg. per kg. of 
nembutal intravenously, supplemented as needed with additional small doses. All studies 
have been made on units dissected from the third cervical root of the phrenic nerve. If a 
sufficient length of nerve could be exposed, the fourth root was spared, otherwise it was 
sacrificed. The nerve was carefully and repeatedly split until only one or two fibers re- 
mained active within the strand under observation. Potentials were amplified by a con- 
denser coupled amplifier and recorded on bromide paper with a G. E. mirror oscillograph. 
The animal was maintained in a warmed and humidified shielding box. The respiratory cen- 
ter was stimulated through bipolar nc edle electrodes oriented in the Horsley-Clarke stereo- 
taxic instrument, the stimuli being brief repetitive condenser discharges (time constant 
approximately 0.1 msec.), independently variable as to frequency and intensity. Respira- 
tion was recorded by a light rubber optical tambour recording pressure changes within a 
five gallon bottle connected through a soda lime tube to the tracheal cannula. The system 
was filled with oxygen and except during the taking of records was constantly replenished 
by opening to a rubber bag oxygen reservoir. 


RESULTS 


Nature of phrenic neurone activity 


During the inspiratory phase of eupneic respiration, phrenic neurones 
respond repetitively with a slowly augmenting frequency of discharge, 
which suffers sudden decrement as expiration begins. A certain number of 
neurones are active throughout the inspiratory cycle, as is the neurone of 
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the control record of Fig. 3. Others come into activity for a brief interval 
only near the peak of inspiration (control record, Fig. 1). As Gesell, Atkinson 
and Brown (1941) have pointed out, increase in frequency of discharge and 
successive recruitment during development of inspiration, release additional 
inspiratory energy smoothly as it is needed (control record, Fig. 5). Only a 
fraction of the phrenic neurones, however, is active during eupneic respira- 
tion and the discharge frequencies which they attain are relatively low. 
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Fic. 1. Impulses discharged by a single phrenic neurone and respiratory response on 
stimulation of the inspiratory center with stimuli at a frequency of 220 per sec. and in- 
tensities of 3, 5, and 10 V. Arrow marks beginning of stimulation. Time, } sec. 


Thus there exists a large reserve of inspiratory energy which may be drawn 
against under conditions of respiratory stress. Such conditions of stress may 
be simulated by electrical shocks at controlled intensities and frequencies 
applied to the respiratory center. 


Effect of inspiratory center stimulation on phrenic neurone discharge 


Stimulation of the inspiratory center with repetitive shocks of high 
frequency and moderate intensity (240 per sec.; 8 volts) leads to maintained 
deep inspiration involving both thorax and diaphragm to an essentially maxi- 
mal degree (Pitts, Magoun and Ranson, 1939a). The neural basis for this 
respiratory response is illustrated in part by the behavior of the phrenic 
neurone in the lower records of Fig. 1. Stimuli of an intensity of 5 or 10 V. 
and a frequency of 220 per sec., applied to the inspiratory center at the time 
indicated by the arrow at the bottom of the records, led to repetitive dis- 
charge of the phrenic neurone and deep inspiration, both maintained for the 
duration of stimulation, 
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Factors controlling magnitude of inspiratory response 


A. Stimulus intensity. It is apparent from inspection of the records of 
Fig. 1 that both the response frequency of the phrenic neurone and depth of 
inspiration are related to stimulus intensity. At intensities of 4 v. or more, 
phrenic neurone discharge was constant and the respiratory trace showed no 
phasic movements. At intensities of 2 and 3 v., however, the response of the 
neurone was interrupted and the respiratory trace, though shifted towards a 
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Fic. 2. Relation between the discharge of impulses by phrenic neurones, volume of 
inspiration and intensity of stimulation of the inspiratory center. Triangles, inspiratory 
volume in c. cm. measured from the level of the preceding normal expiration. Circles, 
impulses discharged per sec. by two phrenic neurones. Frequency of inspiratory center 
stimulation, 220 per sec. throughout; intensities as indicated. Hollow symbols indicate a 
response showing repiratory modulation; solid symbols indicate a maintained uninter- 
rupted response. 


position of inspiration, showed definite respiratory waves. An intensity of 1 v. 
approximated threshold, for both respiratory response and phrenic neurone 
discharge showed minimal augmentation. 

Quantitation of the entire series of records of which Fig. 1 is but a part, 
yields Fig. 2. The response of first one and then a second phrenic neurone 
was determined to intensities of stimulation from 1 to 10 v. Stimulus 
frequency was kept constant throughout at 220 per sec. and the position 
of the electrodes was unchanged. The responses of these two phrenic neu- 
rones in terms of impulses per sec. are plotted in the lower two curves as 
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circles. The respiratory responses, identical of course in the two series of 
tests, are plotted in the upper curve as triangles. They represent depth of 
inspiration, in cubic centimeters, from the preceding normal expiratory 
level. The use of hollow symbols indicates that respiration continued rhyth- 
mic, while the solid symbols at intensities of 4 v. or more represent main- 
tained inspiration. 

The characteristic relationship between stimulus intensity and either 
frequency of phrenic nerve impulses or depth of inspiration is sigmoid in 
form. However, the two neurones of Fig. 2 do not behave in an identical 
manner to an increase in stimulus intensity, nor does the response of either 
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Fic. 3. Impulses discharged by two phrenic neurones and respiratory response on 
stimulation of the inspiratory center with stimuli at a frequency of 220 per sec. and in- 
tensities of 2 and 4 v. Arrow marks beginning of stimulation. Time, } sec. 


reflect at all accurately the inspiratory volume curve. The essential features 
of these curves have been duplicated in five other experiments, though 
magnitudes and slopes vary. In general, an intensity of one volt is near 
threshold, the greatest change in response occurs between 3 and 6 v., and 
at higher intensities both inspiratory volume and frequency of impulses 
tend to level off. Obviously, inspiratory volume is related to frequency of 
discharge of the several motor neurones. However, individual neurones vary 
so widely in their behavior to stimuli of a given intensity, that agreement 
between volume and frequency curves might reasonably be expected only if 
one averaged the response of many neurones. 

Even so, agreement would not be perfect for, as is evident from Fig. 3, 
numbers of neurones active, as well as the degree of activity of each, deter- 
mine the inspiratory response. The preparation from which Fig. 3 was ob- 
tained consisted of two functional neurones, of which only one was spon- 
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taneously active. Stimulation of the inspiratory center at high frequency 
(220 per sec.) and low intensity (2 v.) recruited the previously inactive 
neurone characterized by greater spike potential. In addition, the discharge 
frequency of the previously active neurone was increased somewhat and its 
activity prolonged throughout the respiratory cycle though at a reduced 
frequency during expiration. As a consequence of the operation of such 
factors, inspiration increased in depth and a shift of respiratory mid-position 
toward the inspiratory side occurred. Increasing the intensity of stimulation 
to 4 v. increased frequency of discharge of both neurones, maintained their 
activities constant, and further increased inspiratory depth. Quantita- 
tion of such results is difficult for if more than two neurones are active, it 
becomes almost impossible to distinguish with certainty their individual 
impulses. However, it has been observed that there is a wide range of 
stimulus intensity over which additional neurones are recruited. Thus in 
Fig. 2, even at the highest intensities, it is probable that a portion of the 
inspiratory increment resulted from recruitment of additional neurones as 
well as from an increased frequency of discharge of those already active. 

B. Stimulus frequency. If the intensity of stimulation is maintained con- 
stant and the frequency varied, results qualitatively similar to those shown 
in Fig. 1 and 2 are obtained. A plot of such an experiment is shown in Fig. 4, 
in which the behavior of first one and then a second phrenic neurone was 
determined to stimuli of an intensity of 8 v. and frequencies from 6 to 220 
per sec. The significance of the various symbols is the same as in Fig. 2. 

Both the frequency of phrenic nerve impulses and depth of inspiration 
increase with increasing stimulus frequency. The relationship like that for 
stimulus intensity is a sigmoid one. Qualitatively similar results have been 
obtained in four additional experiments, though magnitudes are dissimilar. 
By chance, no doubt, the behavior of one of the neurones of Fig. 4 approxi- 
mates quite closely the inspiratory volume curve, though the other plateaus 
quite early in the frequency series. Again, correspondence between inspira- 
tory volume and impulse frequency might be expected only on the basis of 
the average response of many neurones. As with stimulus intensity, an in- 
crease in stimulus frequency leads to the recruitment of additional neurones, 
and it is probable that the inspiratory increments of Fig. 4, even at the 
highest stimulus frequencies are in part the result of such recruitment. 

The results just presented may be summarized as follows. Stimulation 
locally within the inspiratory center of more units, by increasing}stimulus 
intensity, or of a given number of units at higher frequency, leads to an 
increased rate of discharge and recruitment of phrenic motor neurones. 
Such a view implies multiplicity of excitatory pathways between inspiratory 
center and any given final motor neurone. The degree of excitation of the 
neurone, as measured by the frequency at which it fires, is dependent then 
on the average number of impulses impinging on it from these many sources. 
Those neurones which are normally quiescent receive subliminal excitation 
(vide infra), but may be brought into activity by increasing either numbers of 
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pathways active or the frequency at which they transmit impulses. Low 
intensity or low frequency stimuli sum with spontaneous impulses from the 
inspiratory center and cause less excitable motor neurones to become active 
earlier in the inspiratory cycle. The inhibitory mechanisms which normally 
serve to interrupt spontaneous inspiratory activity (Pitts, Magoun and 
Ranson, 1939c) likewise inhibit this augmented discharge, so rhythmic res- 
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Fic. 4. Relation between the discharge of impulses by phrenic neurones, volume of 
inspiration and frequency of stimulation of the inspiratory center. Significance of symbols 
the same as Fig. 2. Intensity of inspiratory center stimulation, 8 v. throughout; frequencies, 
as indicated. 


piration continues. But more intense or more frequent stimuli continue 
the process of prolongation of period of activity to its ultimate end, namely, 
continuous uninterrupted discharge whose frequency is a function of fre- 
quency and intensity of stimulation. Inhibitory mechanisms no longer can 
interrupt this intense discharge of the inspiratory center and maintained 
deep inspiration results. 


Effect of expiratory center stimulation on phrenic neurone discharge 


The behavior of phrenic neurones on stimulation of the expiratory center 
is in many ways the exact opposite of that on inspiratory center stimulation. 
In the control record of Fig. 5 two neurones which may be distinguished by 
differences in magnitude of spike potential, are active, one throughout the 
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inspiratory cycle, the other only at the peak of inspiration. Stimuli of an 
intensity of 2 and 4 v. and a frequency of 220 per sec. were applied to the 
expiratory center at the time indicated by the arrow, and maintained for 
the remainder of the record. The less intense stimuli inhibited activity of 
the neurone of greater spike potential and reduced frequency of discharge 
and duration of the period of activity of the other neurone. The more in- 
tense stimuli inhibited activity of both neurones completely. Still higher 
intensities served only to convert passive into active expiration. These re- 
sults have been duplicated in all essential features by increasing frequency 
of stimulation at constant intensity. 
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Fic. 5. Impulses discharged by two phrenic neurones and respiratory response on 
stimulation of the expiratory center with stimuli at a frequency of 220 per sec. and in- 
tensities of 2 and 4 v. Arrow marks beginning of stimulation. Time } sec. 


A comparison of Fig. 5 with Fig. 3 illustrates well the contrasting results 
on phrenic nerve discharge of expiratory and inspiratory center stimulation: 
“decruitment”’ as opposed to recruitment; decreased frequency of discharge 
as opposed to increased frequency; shortened duration of activity as opposed 
to prolonged; and finally with more intense stimuli, complete inhibition as 
opposed to continuous activity. 


Connections between neurones of inspiratory and expiratory centers 


Each of the two divisions of the respiratory center has an extent of over 
30 c. mm. within the reticular formation of the medulla, yet the stimulation 
of but a small fraction of either leads to an essentially maximal respiratory 
response (Pitts, Magoun and Ranson, 1939a). It has been shown that a 
stimulus of 8 v. excites medullary structures only within a radius of 0.5 
mm. around the tips of bipolar needle electrodes (Pitts, 1941), yet such a 
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stimulus applied to the inspiratory center at a frequency of 240 per sec. may 
produce an inspiration some ten times the normal tidal volume. Such experi- 
ments as well as more direct ones (Pitts, Magoun and Ranson, 1939b), 
indicate that the neurones making up the centers are extensively inter- 
connected. 

The general method utilized in performing our experiments throws ad- 
ditional light on the interconnection of the component units of the centers. 
Routinely single active fibers have been isolated from the phrenic nerve, 
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Fic. 6. Tracings of stained sections of the medulla oblongata of the cat showing elec- 
trode position and frequency of discharge of single phrenic neurones during stimulation at 
each level. Heavy vertical lines indicate track of the stimulating electrodes; the interrup- 
tions of the line, the position of the bare electrode tips. Numbers opposite electrode posi- 
tions indicate frequency of discharge of a single phrenic neurone in impulses per sec. dur- 
ing stimulation. Control values above, give the frequency of spontaneous discharge in 
impulses per sec. Two separate experiments are shown. Stimulation at all levels in both 
experiments, 8 v. and 220 per sec. 


the electrodes have then been placed within the general confines of the cen- 
ters as previously outlined, either ipsilateral or contralateral to the phrenic 
fiber recorded from. In all instances, providing the electrode was accurately 
placed within the center, stimulation of the expiratory center inhibited, and 
stimulation of the inspiratory center excited that specific phrenic neurone 
chosen entirely at random. Fig. 6 (cats 10 and 11) shows the results in two 
experiments of stimulation of both sides of the medulla at millimeter in- 
intervals with stimuli of an intensity of 8 v. and a frequency of 220 per 
sec., recording the activity of a single phrenic fiber split off from the left 
nerve. The spontaneous activity in impulses per sec. is shown as the control 
value above the tracing. The heavy black lines interrupted at millimeter 
intervals show the successive levels of penetration of the needle electrode. 
The effect of stimulation at each level is indicated by the number opposite 
the break in the line, representing the frequency of impulse discharge per 
sec. Out of several experiments performed these two were chosen for presen- 

















PHRENIC MOTOR NEURONES 83 


tation, for at each position of the electrodes the respiratory response was 
maintained constant, uninterrupted by rhythmic respiration. Thus at those 
levels marked with a zero, complete inhibition of activity was obtained, 
while at the levels marked by numbers, continuous discharge at the indicated 
frequency resulted. It is evident that a given phrenic neurone may be acti- 
vated or inhibited from widely separated regions of the reticular formation 
of both sides of the medulla. While cat 10 showed a somewhat greater re- 
sponse of the single left phrenic neurone from stimulation of the most ventral 
level on the left side of the medulla, in general there has been no uniformly 
greater ipsilateral response. Since descending connections between inspira- 
tory center and phrenic neurones are almost entirely if not completely un- 
crossed (Pitts, 1940), it follows that component units of the centers are con- 
nected and that stimulation of a few may activate many or all. In addition, 
equally extensive connections of an inhibitory type must exist between the 
two centers, for activation of a millimeter cube of the expiratory center leads 
to inhibition of the entire inspiratory center. 

The experiments just presented indicate that the neurones making up 
both the inspiratory and the expiratory centers are richly interconnected. 
The latter exerts an inhibitory action on the inspiratory center, reducing the 
frequency and possibly the number of those neurones in activity. The with- 
drawal of excitation from phrenic motor neurones leads to cessation of their 
discharge and passive expiration. Active expiration probably results from 
more intense excitation of the expiratory center and consequent activation 
of expiratory intercostal motor units. 


Characteristics of the excitatory process 


In the preceding sections the general relationship between controlled 
excitation applied to the two divisions of the respiratory center and phrenic 
neurone activity have been presented. More detailed knowledge is obtained 
by closer examination of the relation between stimulus and response. For 
this purpose phrenic neurones have been chosen which were not spontane- 
ously active, so as to eliminate confusion of spontaneous impulses with the 
response to a specific stimulus. Records have been taken at higher paper 
speeds in order to separate stimulus artifact and impulse satisfactorily. 
In Fig. 7 are presented the results of stimulation of the right side of the in- 
spiratory center on the discharge of a phrenic neurone dissected from the 
contralateral phrenic nerve. The stimulus frequency was maintained at 14 
per sec. and the intensity varied between 4 and 12 v. The stimulus arti- 
fact is barely visible as a fine line spaced at regular intervals throughout each 
record. At an intensity of 4 v. the neurone did not respond; at 6 v. the re- 
sponse occurred only during a part of the inspiratory cycle; at 8 v., through- 
out inspiration and occasionally in expiration. At an intensity of 12 v. 
the neurone responded to every stimulus throughout the whole respira- 
tory cycle. It is evident that the neurone responds when it does so at all 
with a relatively fixed latency following a given stimulus. The latency 
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varies between 8 and 16 m. sec. This variation in latency has almost the 
appearance of being a random one; certainly it is not related to stimulus 
intensity. But there is a tendency for it to be somewhat shorter early in 
inspiration and to be longer in the expiratory phase. In general the picture 
is one of summation of subliminal excitation delivered to the phrenic neurone 
during inspiration with volleys of impulses synchronous with stimuli to 
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Fic. 7. Impulses discharged by a single phrenic neurone during stimulation of the 
inspiratory center at a frequency of 14 per sec. and intensities of 4, 6, 8 and 12 v. This 
neurone normally showed no spontaneous activity. Stimulation was continued through- 
out each record. Stimulus artifact barely visible as a faint trace at regular intervals in all 
records. 


the inspiratory center. At the highest intensity, these volleys are themselves 
of sufficient magnitude to excite not only during inspiration but also during 
expiration as well. The latency of the response is a composite of phrenic 
nerve conduction time, synaptic delay at the phrenic neurone and at what- 
ever internuncials may be involved, spinal cord conduction time, and con- 
duction time and delay within the center. These several contributions have 
not been individually assessed as yet. These facts seem evident: (i) that this 
neurone, though inactive normally, is receiving subliminal excitation; (ii) 
that each stimulus to the inspiratory center is followed by a synchronous 
volley of impulses, sufficient at intensities of 6 v. or more to trigger the 
neurone and cause it to fire an impulse; and (iii) that the magnitude of this 








PHRENIC MOTOR NEURONES 85 


volley is related to stimulus intensity and at 12 v. is capable of exciting even 
during the expiratory phase when background activity is at a minimum. 
Additional light is cast on the nature of the normal activity of the in- 
spiratory center by studying the response of phrenic neurones to stimuli 
of constant intensity and varying frequency. In Fig. 8 is presented the result 
of stimulation of the inspiratory center with stimuli of an intensity of 8 volts 
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Fic. 8. Impulses discharged by a single phrenic neurone during stimulation of the 
inspiratory center at an intensity of 8 v. and frequencies of 6.6, 14.3 and 70 per sec. This 
neurone normally showed no spontaneous activity. Stimulation continued throughout 
each record. Stimulus artifact barely visible as a faint trace at regular intervals in all 
records. 


and frequencies of 6.6, 14.3 and 70 per sec. At a frequency of 6.6 stimuli 
per sec. some seven stimuli were effective during inspiration while the five 
falling within the expiratory cycle were ineffective in eliciting an impulse. 
Increasing the frequency to 14.3 without altering intensity rendered most of 
the stimuli effective during both inspiration and expiration, though during 
the latter phase an occasional impulse was dropped. At both frequencies 
each impulse follows a given stimulus with a latency of from 8 to 15 m sec. 
It seems probable at the lower frequency of stimulation that each volley of 
impulses resulting from a stimulus sums with subliminal excitation delivered 
to the phrenic neurone during spontaneous activity of the inspiratory center, 
and triggers an impulse. But it would also appear that each stimulus leaves 
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in its wake a residuum of excitation* which persists long enough for stimuli 
at the higher frequency to facilitate succeeding ones. Accordingly stimuli 
trigger impulses throughout the expiratory cycle even though normal back- 
ground activity is minimal. At a frequency of 70 per sec. the same triggering 
of impulse by stimulus is noted, the latency being essentially the same as at 
the lower frequencies. On an average, however, only every third stimulus 
is effective, although every fourth or every second occasionally triggers an 
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Fic. 9. Impulses discharged by a single phrenic neurone during stimulation of the 
inspiratory center at a frequency of 14 per sec. and an intensity of 4 v. A to D, progres- 


sive increase in chemical stimulus to respiration produced by rebreathing oxygen after 
removal of the carbon dioxide absorption tube. This neurone showed no spontaneous 
activity either normally or after rebreathing. 


impulse. Certain volleys of impulses set up by stimuli succeeding each other 
at such short intervals find the motor neurone relatively refractory and fail 
to trigger it. At such a frequency the activity of the inspiratory center is so 
completely dominated by stimulation that the discharge of the phrenic 
neurone is continuous, and respiratory rhythm is lost. Frequency of firing of 
the neurone is then determined by the level of excitation maintained by the 
continued volleys of impulses from the inspiratory center and the rate of 
recovery of excitability of the neurone once it has discharged an impulse. 
At higher stimulus frequencies the neurone fires at a higher rate but not in 
proportion to the increase in frequency. The rate of firing at 70 per sec. was 


* While this might mean a persisting change initiated by a given impulse at a synapse, 
it is more logical in view of delay pathways through internuncials and between neurons 
making up the center to cortsider that it represents a temporally dispersed volley of im- 
pulses. 
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25, approximately 3 to 1; at 220 per sec. it was 38, approximately 6 to 1. 
Tripling stimulus frequency probably falls short of tripling the number of 
impulses per sec. delivered to the phrenic neurone. Also the degree of sub- 
normality of the neurone may be increased by the increased rate of firing. 
Both factors would tend to reduce proportionality between stimulus and im- 
pulse frequency. The results presented above apply equally well to neurones 
which show spontaneous activity, although they are less apparent because 
of the interpolation and interference of spontaneous impulses. 

A third type of experiment gives additional information on the character 
of the normal excitation of phrenic neurones by the inspiratory center. 
Stimuli of an intensity of 4 v. and a frequency of 14 per sec. failed to excite 
the neurone studied as shown by record A of Fig. 9. The same stimulus 
intensity and frequency were maintained throughout all records from A to 
D. Carbon dioxide was allowed to accumulate in the inspired gas by removal 
of the soda lime absorption tube. Records B to D illustrate the effects of a 
progressive increase in chemical stimulus coupled with a constant electrical 
stimulus. The stimuli applied to the inspiratory center reach threshold and 
fire the neurone over a progressively increasing period of the inspiratory cycle 
as activity of the inspiratory center is increased by the chemical stimulus. 
It is logical to assume that under normal conditions (record A) subliminal 
excitation from the inspiratory center and subliminal volleys resulting from 
stimuli still did not reach threshold proportions; hence the neurone did not 
fire. Increasing excitation from the inspiratory center by increasing the 
carbon dioxide tension of the inspired gas enabled the volleys to reach 
threshold and trigger impulses earlier and earlier in the inspiratory cycle. 
At no time, however, during this series was normal excitation sufficient to 
cause the neurone to fire spontaneously. 


SUMMARY 


Low intensity or low frequency electrical stimulation of the inspiratory 
center reproduces the same effects on phrenic neurone discharge as normal 
chemical activation of the respiratory center, namely: increased frequency 
of discharge; increased duration of activity; and recruitment of inactive 
neurones. Stimulation of the expiratory center, on the other hand, pro- 
duces exactly the reverse effects, namely: decreased frequency of discharge; 
decreased duration of activity; and reduction of numbers of active neu- 
rones. Results obtained on varying stimulus intensity or frequency indi- 
cate that each phrenic motor neurone receives excitation from the inspira- 
tory center over a number of separate pathways. The average level of 
excitation of the neurone is dependent upon the number of these pathways 
functioning and the frequency at which they transmit impulses. The rate at 
which the neurone fires is a function of its level of excitation and the time 
course of recovery of excitability once it has discharged an impulse. The 
inspiratory center-phrenic neurone system to this extent is similar in be- 
havior to the hypothalamus-sympathetic motor neurone system described 
by Pitts, Larrabee and Bronk (1941) and Pitts and Bronk (1942). 
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Probably all the neurones making up the phrenic motor pool receive 
some excitation from the inspiratory center during eupneic respiration 
though for a large fraction it is of a subliminal degree. Any increase in 
activity of the neurones of the inspiratory center not only increases the 
frequency of discharge of those phrenic neurones already active but also 
recruits previously quiescent ones. Such an increase in activity of the con- 
stituent neurones of the inspiratory center may be produced experimentally 
by increasing either their frequency of discharge or the number active. It is 
probable that the same mechanisms operate normally under conditions 
which augment respiration. 

Each phrenic neurone is functionally related, at least potentially, with 
each of the constituent neurones of the inspiratory center owing to their 
rich synaptic interconnections. Neurones of the expiratory center are simi- 
larly interconnected, and by virtue of their inhibitory influence on the in- 
spiratory center, are capable of withdrawing excitation from phrenic 
neurones. Connections within a center probably serve to synchronize ac- 
tivities grossly with respect to phase of respiration and to facilitate those 
units inherently less excitable. Connections between centers are mutually 
inhibitory and prevent simultaneous activity of antagonistic elements. 


REFERENCES 


. ADRIAN, E. D., and Bronx, D. W. The discharge of impulses in motor nerve fibers. 

Part I. Impulses in single fibers of the phrenic nerve. J. Physiol., 1928, 66: 81-101. 
2. Bronk, D. W., and Fercuson, L. K. The nervous control of intercostal respiration. 

Amer. J. Physiol., 1935, 110: 700-707. 

. Beaton, L. E., and Macoun, H.W. _ Localization of the medullary respiratory centers 
in the monkey. Amer. J. Physiol., 1941, 134: 177-185. 

. GESELL, R., Atkinson, A. K., and Brown, R. C. The gradation ef the intensity of 
inspiratory contractions. Amer. J. Physiol., 1941, 131: 659-673. 

. Pitts, R. F. The respiratory center and its descending pathways. J. comp. Neurol., 
1940, 72: 605-625. 

. Pitts, R. F. The differentiation of respiratory centers. Amer. J. Physiol., 1941, 134: 
192-201. 

. Pitts, R. F., and Bronx, D. W. Excitability cycle of the hypothalamic-sympathetic 
neurone system. Amer. J. Physiol. (In press.) 

. Pitts, R. F., LARRABEE, M. G., and Bronx, D. W. An analysis of hypothalamic 
cardiovascular control. Amer. J. Physiol., 1941, 134: 359-383. 

. Pitts, R. F., Macoun, H. W., and Ranson, S. W. Localization of medullary respira- 
tory centers in the cat. Amer. J. Physiol., 1939a, 126: 675-688. 

. Prrrs, R. F., Macoun, H. W., and Ranson, S. W. Interrelations of the respiratory 
centers in the cat. Amer. J. Physiol., 1939b, 126: 689-707. 

. Pitts, R. F., Macoun, H. W., and Ranson, S. W. The origin of respiratory rhyth- 
micity. Amer. J. Physiol., 1939c, 127: 654-670. 





